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A method has been developed for the preparation of lysine from 
protein hydrolysates by a direct precipitation of the amino acid as 
the picrate. The procedure greatly reduces the time required 
for the isolation of lysine and eliminates the electrolysis which is 
an essential part of the method of Cox, King, and Berg (1929). 
After one or two recrystallizations the lysine picrate obtained by 
direct precipitation decomposes at 263-266°, which is the same as 
the decomposition point of the product isolated by the more 
elaborate procedure. Moreover, the yield and quality of the 
lysine monohydrochloride prepared by the proposed method are 
as high as those obtained after electrolysis. Histidine can be 
separated as a by-product in both procedures. The method is 
adaptable to hydrolysates that have been neutralized with calcium 
hydroxide as well as those that have been treated with baryta. 
The greater ease of removal of the calcium sulfate by filtration, as 
well as the low cost of calcium hydroxide, makes this the more 
practical way of preparing a neutral hydrolysate if large quantities 
of lysine are needed. 

Triplicate lots of blood corpuscle paste have been used for the 
preparation of lysine monohydrochloride by the method of Cox, 
King, and Berg (1929), and by two modifications of the direct 
procedure. The results are outlined below. 


EXPERIMENTAL 


Three 4 liter (4.4 kilos) lots of blood corpuscle paste were re- 
fluxed for 24 hours, each with 4 liters of 50 per cent (by volume) 
sulfuric acid. The sulfate ions in two of these hydrolysates were 
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2 Isolation of Lysine 


removed with exactly the requisite quantity of barium hydroxide, 
as in the procedure of Berg and Rose (1929), and the filtrate was 
concentrated in vacuo to 3 liters. The insoluble amino acids which 
separated during the concentration were removed by filtration. 
The syrupy liquid remaining, though free of barium ions, was defi- 
nitely alkaline to litmus. It was divided into two equal parts, 
hereafter referred to as Lot A and Lot B. 

The third hydrolysate was diluted to 17 liters, and neutralized 
by the addition of 2700 gm. of calcium hydroxide suspended in 8 
liters of water. The filtrate and washings from the calcium sul- 
fate were concentrated in vacuo to a volume of 8 liters. Calcium 
hydroxide was then carefully added until the solution was alkaline 
to litmus. After the solution was filtered again, the hydrolysate 
was concentrated in vacuo to a volume of 1500 cc., and allowed 
to stand overnight in an ice box. The insoluble amino acids which 
separated were removed by filtration. The syrup which remained 
will be referred to hereafter as Lot C. 

From Lot A lysine dihydrochloride was isolated and recrystal- 
lized exactly as described by Cox, King, and Berg (1929). This 
product was dissolved in the minimum volume of boiling alcohol 
and converted into lysine monohydrochloride by treatment with 
pyridine in absolute alcohol (45 gm. of pyridine for each 100 
gm. of lysine dihydrochloride). After standing overnight in an 
ice box, the crude monohydrochloride was collected on a Buchner 
funnel, and washed with a little absolute alcohol, and then with 
ether. Purification was accomplished by slowly adding 3 volumes 
of alcohol to a solution of the material in an equal weight of 
water. The alcohol must be added very carefully in order to 
promote crystallization. On the other hand, unless the addition 
is complete within about 10 minutes, some lysine monohydro- 
chloride dihydrate precipitates. 

After refrigeration for 12 hours the final product was collected 
on a filter, washed with absolute alcohol and ether, and then 
dried for 4 hours at 50° in a vacuum oven. The yield of lysine 
monohydrochloride was 54.0 gm. 


CsHy.N.0,-HCl. Calculated, N 15.33; found, N 15.30 


Lot B was treated directly with 150 gm. of solid commercial 
picric acid, and heated with frequent shaking on a steam cone 
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at 50° until all of the solid had dissolved. The lysine picrate 
which precipitated as the solution cooled (12 hours in a refrigera- 
tor) was collected on a 20 cm. Buchner funnel and washed twice 
with 200 cc. portions of cold water. The mother liquor was set 
aside for the preparation of histidine.' A solution of the precipi- 
tate in 2500 cc. of water was boiled for 5 minutes with 70 gm. of 
norit and then filtered through a hot Buchner funnel. As the 
filtrate cooled, a solid mass of bright yellow lysine picrate formed. 
Since the decomposition point of this material was 261°, the prod- 
uct was used in the next step without further purification. In 
other runs the picrate obtained at this point decomposed at 255- 
260°, but an additional recrystallization invariably yielded a pic- 
rate with the correct decomposition point (265-266°). The 
lysine picrate obtained from this lot was converted into the mono- 
hydrochloride in the manner previously described. The yield 
was 57.4 gm. 


CsHyN:0;-HCl. Calculated, N 15.33; found, N 15.42 


Lot C, which had been neutralized with calcium hydroxide, was 
treated in the same manner as Lot B. It yielded 55.2 gm. of 
lysine monohydrochloride. 


CesHyN.02.-HCl. Calculated, N 15.33; found, N 15.26 


Two similar series of isolations, comparing results by the three 
methods, were carried out. These runs agreed closely in all re- 
spects with those reported above. The average yield of pure 
lysine monohydrochloride obtained by each of the different 
procedures was by the method of Cox, King, and Berg 58.4 gm., 
by the direct method (neutralization with baryta) 57.9 gm., by 
the direct method (neutralization with calcium hydroxide) 55.6 gm. 

Each sample of the lysine monohydrochloride was analyzed in 
duplicate by the Van Slyke procedure, and in no case did the 
amount of nitrogen found differ from the theoretical by more than 
0.10 per cent. Each of the products gave negative Sakaguchi 


12 kilos of sodium chloride (Gilson, 1938) were added to this solution 
and the histidine-mercury complex was then precipitated by the method 
of Foster and Shemin (1938). This material was converted into histidine 
dihydrochloride by the procedure outlined by Hanke and Koessler (1920). 
The yield was 81.9 gm. of analytically pure product. 
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tests for arginine (Jorpes, 1932). The samples of lysine mono- 
hydrochloride prepared from twice recrystallized lysine picrate 
gave negative tests for histidine (Hunter, 1922). On the other 
hand, lysine monohydrochloride prepared from picrate that had 
not been recrystallized twice gave positive tests by the Hunter 
method, regardless of the method of preparation. In view of 
this fact lysine picrate should always be recrystallized at least 
twice regardless of its decomposition point. 

Lysine can also be prepared from dried blood fibrin by the direct 
method of precipitation. In demonstrating this fact, three 2.5 
kilo lots of ground fibrin were hydrolyzed by refluxing for 16 
hours, each with 8 liters of 25 per cent (by volume) sulfuric acid. 
The resulting solutions were neutralized with baryta, concen- 
trated, and treated with 130 gm. of picric acid per lot. The 
picrates were converted into the final product as previously de- 
scribed, and yielded an average of 46.5 gm. of analytically pure 
lysine monohydrochloride. Two additional hydrolysates which 
had been neutralized with calcium hydroxide yielded an average 
of 44.5 gm. of the pure product. 33.2 gm. of lysine monohydro- 
chloride were obtained from 2.5 kilos of commercial casein. An 
attempt to prepare lysine from gelatin was unsuccessful. 


SUMMARY 


A procedure for the preparation of pure lysine monohydro- 
chloride from protein hydrolysates by direct precipitation has 
been described. This method eliminates the need for special 
equipment, and greatly reduces the labor involved in the isola- 
tion of the amino acid. The yield and quality of the product are 
as high as those of lysine obtained by more complicated procedures. 
Histidine dihydrochloride may be readily prepared from the same 
hydrolysate. 
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STUDIES ON THE POSSIBLE CARRIER ROLE OF 
ASCORBIC ACID IN ANIMAL TISSUES* 
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(From the Department of Chemistry, University of Pittsburgh, Pittsburgh) 


(Received for publication, June 26, 1939) 


The concept that ascorbic acid may function in animal tissues 
as a reversible oxidation-reduction carrier has been advanced for 
some time (1). Experimentally it would seem to be supported 
by (a) measurements of its oxidation-reduction potential (2, 3), 
(b) recognition of tissue constituents which can bring about the 
oxidation of ascorbic acid (4-9), (c) identification of glutathione 
(1, 2, 10) and fixed —-SH groups (1, 11) as reductants of dehydro- 
ascorbic acid, and (d) the reported occurrence of both ascorbic acid 
and dehydroascorbic acid in animal tissues (12, 13). 

Such considerations have led Borsook et al. (2) to suggest that 
glucose, glucose dehydrogenase plus coenzyme, glutathione, as- 
corbic acid, a hemochromogen, and oxygen “constitute a com- 
plete respiratory system in which a metabolite is burned and 
oxygen used.” Lemberg et al. (14) have reached a similar con- 
clusion, stating that in such a system “the oxidation of a hematin 
to a bile pigment is coupled with the final oxidation of glucose 
alone.”” Experimental data have not been presented to confirm 
clearly the suggested respiratory réles, however. 

The work in this laboratory (6, 11, 15) has indicated that the 
evidence thus far does not favor the theory that ascorbic acid 
functions as a major respiratory carrier in animal tissues. The 


* The authors are indebted to the Buhl Foundation for a research grant 
that has made the present investigation possible. 

Contribution No. 385 from the Department of Chemistry, University of 
Pittsburgh. 

The results given in the present paper were reported in brief form before 
the meeting of the American Society of Biological Chemists at Toronto, 
April 28, 1939. 
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6 Ascorbic Acid As Carrier in Tissues 


experiments reported herein deal with (a) the effect of ascorbic 
acid in a glucose dehydrogenase-hemochromogen system and 
(b) the possibility of dehydroascorbic acid being reduced by re- 
duced cozymase (dihydrocozymase, CoH,). The latter reaction, 
which is thermodynamically possible, is of special interest because 
it would place ascorbic acid in the réle of a possible respiratory 
carrier in those dehydrogenase systems which depend on cozymase 
as a coenzyme. During the past year von Euler (16, 17) has 
referred to unpublished experiments in his laboratory indicating 
that dehydroascorbic acid had been reduced by reduced cozymase. 


EXPERIMENTAL 
Ascorbic Acid in Glucose Dehydrogenase System 


Glucose dehydrogenase was prepared from acetone-liver (18) 
according to Quibell’s method of extraction and purification (19). 
Enzyme solutions thus prepared lost little activity during 1 week 
when kept in the ice box in 1 per cent (NH,).SO,. There was 
considerable variation in the activity of solutions prepared from 
different livers, as indicated by Curves | and la in Fig. 1. This 
may have been due to differences in dehydrogenase activity of the 
livers or to variations in the content of flavoproteins that are 
necessary for the reaction between reduced coenzyme and methyl- 
ene blue (20-22). Cozymase is known to be fully active as a 
coenzyme for glucose dehydrogenase (19, 23). In the first experi- 
ments a fairly crude product was used, prepared from bakers’ 
yeast and partially purified by the silver precipitation method of 
von Euler et al. (24). In each manometric experiment 0.4 mg. 
of the coenzyme, sufficient to permit maximum dehydrogenase 
activity, was used. Dehydrogenase activity was determined 
manometrically (Warburg) with methylene blue (final concentra- 
tion 1:3000) as a respiratory carrier exposed to air. The glucose 
substrate concentration was 0.2 m, which is near the optimum 
found by Harrison (18). 

Fig. 1 (Curves 1 and 1a) illustrates the oxygen consumption 
of a system containing glucose, dehydrogenase, coenzyme, and 
methylene blue. Without coenzyme (Curve 2) the system was 
inactive. Dehydrogenase preparations from different livers 
produced an oxygen consumption of from 300 to 500 c.mm. in 
3 hours under the experimental conditions used. 
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Nicotine hemochromogen catalyzes the oxidation of both 
ascorbic acid (5) and glutathione (25). If dehydroascorbic acid 
or GSSG could be reduced rapidly by the glucose dehydrogenase- 
coenzyme system, these compounds together with hemochromogen 




















Minutes 


Fic. 1. Curves 1 and la, enzyme, coenzyme, glucose, and methylene 
blue (two different enzyme preparations); Curve 2, same as Curve la, 
without coenzyme; Curve 3, enzyme, coenzyme, glucose, hemochromogen, 
ascorbic acid, and GSH; Curve 4, same as Curve 3, without coenzyme; 
Curve 5, same as Curve 3, without glucose; Curve 6, enzyme, coenzyme, 
glucose, hemochromogen, and ascorbic acid; Curve 7, same as Curve 6, 
without glucose; Curve 8, enzyme, coenzyme, glucose, hemochromogen, 
and GSH; Curve 9, same as Curve 8, without glucose. Hemochromogen, 
10-7 mole of hemin, 4 X 10~‘ mole of nicotine, neutralized to pH 6.9; enzyme, 
0.5 gm. of acetone-liver; coenzyme, 0.4 mg. of crude preparation; ascorbic 
acid, 4 X 10-* mole; GSH, 2 X 10-* mole; buffer, m/15 phosphate, pH 6.9; 
temperature 37°. Each line is the average of duplicates. —~ 


should cause oxygen consumption when added to the enzyme- 
coenzyme preparations. Fig. 1 illustrates representative experi- 
ments with this system, carried out at pH 6.9. The oxygen 
consumptions observed in the presence of ascorbic acid and 
glutathione are due solely to the oxidation of these compounds as 
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catalyzed by the hemochromogen (Fig. 1, Curves 3, 6, and 8), 
because in the absence of either coenzyme (Curve 4) or substrate 
(Curves 5, 7, and 9), where no oxidation of glucose could occur, the 
oxygen uptake was approximately the same as in the other vessels, 
Similar results were obtained at pH 7.3 and 6.4. Control experi- 
ments showed (a) that the hemochromogen did not interfere with 
the reduction of dehydroascorbic acid by glutathione and (6) 
that the hemochromogen caused no serious inhibition (15 to 20 
per cent) of dehydrogenase activity as measured by the aerobic 
methylene blue technique. 

It is obvious, therefore, that in these experiments neither as- 
corbic acid nor glutathione nor a mixture of both compounds 
could serve as an active respiratory carrier between dehydrogenase- 
coenzyme and hemochromogen. 


Reaction between Dehydroascorbic Acid and Reduced Cozymase 


Reactants—Dehydroascorbic acid was prepared from 35.2 mg. 
of ascorbic acid dissolved in 20 ml. of redistilled water containing 
0.05 ml. of CH;COOH, 22 mg. of resublimed benzoquinone being 
added as oxidant. After the latter had been dissolved, the solu- 
tion was extracted four times with 30 ml. portions of peroxide-free 
ether. Dissolved ether was removed from the aqueous phase 
under a vacuum and the solution was diluted to 50 ml. This solu- 
tion was free of reduced ascorbic acid and contained dehydroas- 
corbic acid in fairly stable form (pH 3.4). The dehydroascorbic 
acid content was checked by H.S reduction, 0.2 ml. of the solu- 
tion containing 8 X 10-’ mole of the reversibly oxidized acid. 

Cozymase was purified by precipitation with CuCl (24) and 
fractional alcohol precipitation of the Pb salts (26). Manometric 
reductions with Pt and H, (27) and with Na,S.O, (27) were used 
as a rough indication of the pyridinium base content of the 
preparations. The reduced form of cozymase was prepared by 
Ohlmeyer’s method (28) and separated as the sodium salt, 
NaCoH;. Dr. V. R. Potter kindly determined the activity of the 
coenzyme with the standard cozymase test, and the purity of the 
reduced coenzyme by ultraviolet spectroscopy during oxidation 
of NaCoH;, with the acetaldehyde-alcohol-dehydrogenase system. 
According to these tests the preparation used in the following 
experiments contained 50 per cent NaCoHy. 
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Reaction Tests—NaCoH, was dissolved in m/7.5 phosphate, 
pH 7.2, so that 0.6 ml. contained 8 X 10~* mole of the pure 
compound. This solution and dehydroascorbie acid were intro- 
duced into separate compartments of 20 ml. vials which were filled 
with nitrogen and closed. The contents of the vials were then 
mixed and kept at room temperature for successive intervals of 
time. By the addition of 0.2 ml. of 6 per cent HPO; the acidity 
of the solution was brought to pH 2.4 before the analyses, in which 
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Fic. 2. NaCoH; dissolved in m/7.5 phosphate buffer, pH 7.2 (8 x 10-7 
mole of NaCoH; in 0.6 ml.) ; dehydroascorbic acid, 8 X 10~’ mole in 0.6 ml. 
The curves represent increases in galvanometer reading due to reduction 
of the dye at pH 2.4. Readings, first in 30 seconds, then every 15 seconds. 
Dye, sufficient to oxidize 21 micrograms of ascorbic acid. Column I, 
Curve A, slight fading of dye at pH 2.4; Curve B, reducing substances 
formed from dehydroascorbic acid at pH 7.2 for 30 minutes (anaerobic); 
Curve C, reduction of dye by 10 micrograms of ascorbic acid. Column II, 
reduction of dye by NaCoH, alone. Columns III to VI, reduction of dye 
due to dehydroascorbic acid plus NaCoH2, mixed and held for different 
intervals before addition of HPOs,. 


reducing substances were determined with an Evelyn photoelectric 
microcolorimeter, were made. Fig. 2 presents the results of a 
typical series of tests. The first galvanometer reading given in 
Fig. 2 was observed 30 seconds after a four-fifths aliquot of the 
acidified solution was added to 0.3 ml. of 0.0004 m 2,6-dichloro- 
phenol indophenol. The results are expressed in terms of 
galvanometer readings to provide a measure of both the initial 
rapid reaction and the later slow reaction. Column I indicates the 
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galvanometer readings due to the dye alone (Curve A) and again 
after partial reduction of the dye by 10 micrograms of ascorbic 
acid (Curve C). Column I, Curve B, shows that a small quantity 
of reducing material was formed from dehydroascorbic acid alone 
(11), corresponding to 4.25 galvanometer units. From Column 
II it is evident that reduced cozymase, or its degradation products 
in acid solution (20, 28), slowly reduces the dye at pH 2.4. This 
is in agreement with Karrer and Ringier (29) who observed that 
2,6-dichlorophenol indophenol oxidized a number of reduced 
pyridinium compounds. Columns III to VI show the extent of 
reduction of the dye by solutions containing NaCoH; plus dehydro- 
ascorbic acid maintained at pH 7.2 for 5 to 30 minutes. It is 
important to note that the difference in the initial galvanometer 
reading between Columns II and each of III to VI was 4.5 units, 
approximately the same as the difference between Curves A and B 
inColumnI. This difference is caused by reductants formed from 
dehydroascorbic acid at pH 7.2; hence NaCoHg; did not reduce 
dehydroascorbic acid under the conditions used. If a stoi- 
chiometric reaction between the two reactants had occurred, it 
would have produced 0.112 mg. of ascorbic acid, a small percentage 
of which could have been detected readily. The same results 
were obtained when the reaction was carried out in the presence of 
the water-soluble, non-dialyzable constituents of homogenized liver 
or skeletal muscle of rats. 


DISCUSSION 


The available evidence concerning oxidation of ascorbic acid 
and reduction of dehydroascorbic acid by constituents of animal 
tissues has been discussed in previous papers from this laboratory 
(6, 11, 30). No clear cut support was found for the acceptance 
of ascorbic acid as a catalytically active, oxidation-reduction 
carrier in animal tissues. Barron (31) has expressed the same 
opinion. This view is further strengthened by the failure of 
ascorbic acid, demonstrated herein, to mediate hydrogen transfer 
in a coenzyme-dehydrogenase system regardless of the presence 
or absence of the apodehydrogenase. It is also of interest to note 
that ascorbic acid could not act as a respiratory carrier in the 
lactate dehydrogenase system of Green and Brosteaux (32) or in 
the a-hydroxyglutaric acid dehydrogenase system of Weil- 
Malherbe (33). 
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We fully realize that failure to reconstruct chemical events 
in vitro does not necessarily disprove the possibility of their oc- 
currence in vivo. Until more conclusive evidence that is contrary 
to the above view-point is obtained, however, the concept that 
ascorbic acid functions in anfmal tissues as a respiratory carrier 
remains essentially unsupported by experimental evidence. 
These considerations do not imply that ascorbic acid does not 
participate in any oxidation-reduction reactions, but refer to the 
reactions that are responsible in major degree for hydrogen or 
electron transfer in the oxidation of metabolites. 


SUMMARY 


1. Ascorbic acid did not function as a hydrogen transfer agent 
in a system containing nicotine hemochromogen, ascorbic acid, 
coenzyme, glucose dehydrogenase, and glucose. The presence of 
glutathione, either in place of or with ascorbic acid, did nut alter 
the hydrogen transfer results, although both reagents were 
oxidized aerobically in the presence of the hemochromogen. 

2. Reduced cozymase did not reduce dehydroascorbic acid 
in vitro at pH 7.2, either in pure solution or in the presence ot 
dialyzed suspensions of rat liver or muscle. 


We are greatly indebted to Professor H. von Euler and Dr. 
V. R. Potter of the Biochemical Institute, Stockholm, for de- 
termining the purity of the cozymase preparation used in these 
experiments. 
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Several investigators have utilized electrodialysis in the micro- 
estimation of body fluid electrolytes. Stoddard (7) and Adair 
and Keys (1, 4) have published methods of microdetermination of 
total base in blood serum which yield satisfactory results. Joseph 
and Stadie (3) have recently described a method permitting the 
simultaneous determination of chloride and total base of blood 
serum. Severin (6) used electrodialysis as a method for separa- 
tion and determination of bases in biological fluids. However, 
little use has been made of electrodialysis as a method of separa- 
tion of electrolytes from tissue. 

The method of electrodialysis described here is that of Joseph 
and Stadie, but with considerable change in the design of the 
chamber and electrode vessels and in the concentration of the 
solutions employed. 


Method 


The electrodialyzer (Fig. 1) consists of a middle chamber (B) 
made of Pyrex glass with a large central opening of 3 cm. diameter 
to allow for the introduction of large pieces of tissue. The two 
electrode chambers fit into the middle chamber with ground joints 
and are set at an angle to reduce the mean distance between the . 
du Pont semipermeable membranes sealed over the lower end of 
each electrode chamber. These membranes are sealed to the 
ground glass ends of the electrode vessels with Duco cement and 
may be used for long periods if kept moist. 

Before an electrodialysis, 10 ml. of a solution containing 0.05 n 
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acetic acid plus 2 per cent of glucose are introduced into the anode 
chamber (A) (cf. Joseph and Stadie (3)). The acetic acid in- 
creases the conductivity of the system; the glucose serves to re- 
duce the chloride from the oxidized state and thus prevents its 
loss as chlorine gas. 

The cathode chamber (C) is partially filled with 10 ml. of 0.2 n 
H.SO, above a thin layer (2 cc. volume) of purified mercury. 
When total base is determined, the platinum cathode is immersed 
in the mercury (cf. Adair and Keys (1)). The weighed piece of 
tissue to be dialyzed is introduced into the middle chamber along 
with 20 ce. of distilled water. Platinum electrodes are immersed 





Fie. 1. Design of electrodialyzer for tissue showing electrodes and 
electrode chambers in place (A, anode chamber; C, cathode chamber; 
B, tissue chamber; and 7’, tissue). 


in the electrode solutions and connected in series with a milliam- 
meter and with variable resistors (0 to 800 ohms) to a 110 volt 
direct current source. When pieces of tissue weighing from 1 to 
5 gm. are electrodialyzed, the electrodialyzer is suspended in a 
water bath in such a manner that it can be readily shaken at 
periodic intervals. Complete electrodialysis of the tissue electro- 
lytes usually requires from 2 to 8 hours, depending on the type, 
amount, and condition of the tissue tested and the resistance of 
the circuit. 

In the present investigation the electrode chambers were re- 
moved at periodic intervals and the dialysate decanted with 
washing, to permit a study of the rate of chloride removal. 
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Analysis 


When total base is determined, the contents of the cathode 
chamber are titrated with standard alkali as in the method of 
Adair and Keys (1). Excess 0.2 n H,SO, remaining in the cathode 
chamber is titrated with the standard alkali (0.5 Nn NaOH) with 
phenolphthalein as indicator. 

Chloride is determined by titrating the anode solution according 
to Whitehorn’s modification of Volhard’s method (10, 9). Silver 
chloride is precipitated by the addition of a known amount of 
0.30 Nn silver nitrate, and the solution heated until clear. The 
excess silver is titrated with 0.02 N ammonium thiocyanate with 
ferric alum as indicator. Any residual chloride in the electro- 
dialyzed tissue and total chloride in the control piece of tissue are 
determined by means of Wilson and Ball’s modification of Van 
Slyke’s wet ashing method (11, 8) with Eisenman’s addition of 
potassium permanganate during the digestion with concentrated 
HNO; (2). 

Chloride in mm per kilo is calculated by the equation, 


Calecide = sno x OR XS OR SS oe 
weight of tissue 





Results 


As stated by Joseph and Stadie (3), simultaneous determina- 
tions of chloride and total base can be made by this method. The 
present results give only determinations of chloride of various 
tissues from normal dogs and dogs previously perfused or sub- 
jected to diuresis. 

In Table I, values obtained by electrodialysis are compared 
with those determined by wet ashing. When allowance is made 
for the normal variation between pieces of tissue taken from the 
same organ or section, the values obtained by the two methods 
are in good agreement. However, in the case of skeletal muscle, 
some discrepancy is evident in the values grouped in Table II. 
Here electrodialysis gives somewhat higher values. This is prob- 
ably due to the inclusion of more connective tissue, since the pieces 
of tissue as taken from the dog, although stripped of any apparent 
connective tissue, were usually larger and less minced than in the 
case of those taken for wet ashing. Manery, Danielson, and 
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Hastings (5) have shown that rabbit connective tissue is high in 
chloride. Similar results have been obtained by Hiatt (personal 
communication). Although over 90 per cent of the chloride is 
removed in the first 3 hours, electrodialysis must be continued for 
much longer periods to obtain the final small fraction. 

















TABLE I 
Comparison of Chloride in Dog Tissues As Determined by Different Methods 
Chloride 
Roget Tissue Se = = Se eee s 
* p . Ashing Condition of dog 
mM per kg. mM per kg. 
31 Heart | 18.9 18.9 Normal 
22 Brain 34.1 34.1 - 
35.2 
34 “ 33.7 33.7 se 
35.3 
47 ” 31.1 31.4 = 
30.6 
31 Skin 35.2 35.4 ? 
34.8 
32 Spleen 40.2 40.3 nag 
40.8 
33 Liver 37.9 36.5 - 
32.0 
40 ° 22.0 21.8 Diuresis 
22.4 | 
23 Kidney 57.4 57.6 Normal 
| 61.3 | 
29 ” 34.0 32.6 Perfused 
| 35.3 | 
26 Pancreas 28.6 31.2 Normal 
| 24.9 
42 Intestine me | 27.5 Diuresis 
| yea 
21 Muscle | 9.3 | 9.2 | Normal 








Samples of the anode electrodialysate taken at frequent inter- 
vals revealed that the chloride is removed at different rates in the 
different tissues. This difference is being studied in greater detail. 

For total determination of Cl- in a given piece of tissue the size 
or capacity of the electrodialyzer chamber is unimportant, pro- 
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vided sufficient current density can be obtained to remove the 
electrolyte in a reasonable time. In cases in which the relative 
rate of removal of electrolyte from various tissues connected in 


TaB.Le II 


Chloride from Dog Skeletal Muscle after Perfusion and Diuresis, As 
Determined by Different Methods 


: Duration of| Chloride 
rhe Geivse | Electr gar Wan | Condition of dog 

















dialysis | |. al Residual Total | Ashing 
hrs. | mar por he. mM per kg.| mm per kg. mM per kg. | 
27 4.5 | 8.25 | 0.65 | 8.9 | 8.6 | Perfused 
Soemeeeec? | 
30 | (24.0 8.1 00 | 8.1 | 78. ] ‘a 
| 7.6 | 
33 4.0 7.4 | 0.6 8.0 7.25 | " 
34 2.0 | 83 | 0.2 | 8.5 8.6 | * 
| | | | 7.7 
3 | 2.0 | 87 | 00 | 85 | 86 | ” 
| | | Bs 4 
39 | 30.0 | 89 | 00 | 8.9 7.8 | Diuresis 
| | | | 79 | 
43 2.0 | 58 | 0.0 58 | 5.7 | om 
| | | | 6.1 
Tasie IIl 


Influence of Vessel Dimensions on Rate of Chloride Removed from Agar Blocks 
Current, 8 milliamperes; vessels in series. 





Vessel No. Distance between Diameter of Capacity | Cl removed in 





membranes membrane min. 
mm. mm, mi, ma per kg. 

1 55 14.0 30 7.4 
2 44 BA. <3 20 10.3 
3 | 44 |. a tl 20 10.9 
4 | 55 | 14.0 29 7.0 
5 54 | 14.0 25 9.0 
6 a aa 33 4.5 








series is being tested, the capacity of the vessel becomes a factor. 
When connected in parallel, the mean free path between electrodes 
and other resistance factors must be equalized to obtain com- 
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parable conditions. The importance of the volume of fluid 
necessary to submerge the electrode vessel membranes in various 
vessels as affecting the rate of Cl- removal from agar gel blocks is 
illustrated in Table III. 


I am indebted to Mr. Edwin P. Hiatt, of this laboratory, for his 
aid in securing the tissues used in this work. 


SUMMARY 


A method of removing chloride from animal tissues prior to 
titration is described. It is based on the electrodialysis method of 
Joseph and Stadie for the simultaneous determination of chloride 
and total base in blood serum. 

Comparison of the recovery of chloride from the tissues by 
electrodialysis with chloride values obtained by wet ashing shows 
good agreement between the results obtained by the two methods. 
Certain modifying factors are discussed. 
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ELECTRODIALYSIS OF TISSUE CHLORIDE 


Il. KINETICS OF REMOVAL OF CHLORIDE FROM TISSUES 
OF THE DOG 


By ROBERT H. OSTER anp WILLIAM R. AMBERSON 


(From the Department of Physiology, School of Medicine, University of 


Maryland, Baltimore) 
(Received for publication, August 8, 1939) 


The method and results of electrodialysis of tissue chloride and 
their comparison with wet ashing methods have been described in 
Paper I (Oster (8)). The procedure is based upon the electrodial- 
ysis methods of Joseph and Stadie (6) and the earlier work of Adair 
and Keys (1) and Keys (7) for determining electrolytes in blood 
serum. In earlier work (8) certain differences in the rate of re- 
moval of chloride from different organs have prompted a further 
study of the kinetics of the process. 

Amberson, Nash, Mulder, and Binns (2) have already shown 
that there is some evidence for the retention of chloride by certain 
tissues of cats perfused with chloride-free sulfate-Ringer-Locke 
solutions. This was especially noticeable in the case of brain 
tissue. To examine this point further by use of the technique of 
simultaneous electrodialysis of several tissues in contrast to the 
much studied skeletal muscle is the object of the present investi- 
gation. 


Method 


The apparatus and solutions used were the same as previously 
described (8). Removal of anode or cathode solutions without 
disturbing the tissue or removing the apparatus from the cooling 
bath is facilitated by the construction of the electrodialyzer. 
Tissue samples were taken from a series of eighteen dogs. 

From 1 to 2 gm. of weighed tissue was placed in the middle 
chamber of the electrodialyzer in 20 ml. of chloride-free distilled 
water. The various tissues in their respective vessels were con- 
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nected in series with a variable 500 ohm resistance in the external 
circuit. At intervals of 15 or 30 minutes the contents of the anode 
chambers were decanted with washing into 25C ml. flasks for 
chloride titration according to Whitehorn’s modification of Vol- 
hard’s method (11, 10), while the chloride in the control piece 
was determined by the modified wet ashing method (8, 9, 12) of 
Van Slyke. 

The rate at which ions of a given electrolyte are transported to 
the electrode depends largely upon the current density. As 
previously shown (8) the volume of fluid surrounding the tissue 
required to submerge the membranes of the electrode chambers 
of the electrodialyzer affects the amount of chloride removed from 
various agar blocks containing dilute Ringer’s solution. To assure 
equivalent conditions in comparing several different tissues, from 
three to six vessels selected for equal volume and cross-sectional 
area were connected in series with the external resistance across a 
110 volt source. 

For purposes of comparison skeletal muscle was used as a refer- 
ence tissue because of its relatively rapid loss of chloride under 
electrodialysis and because of its extensive study in other in- 
vestigations. 


Results 


In Fig. 1, the rate of removal of chloride, shown by plotting the 
chloride in per cent of total against the time of electrodialysis, for 
various tissues is compared with fresh skeletal muscle and blocks 
of a standard agar-Ringer gel. The curves represent data from 
several experiments in which from one to three different tissues 
was tested in comparison with a piece of skeletal muscle of equal 
weight. The per cent of chloride from skeletal muscle in the 
different experiments plotted as averaged values is found to fall 
very close to the curve obtained for agar-Ringer blocks. 

It is apparent that brain tissue shows a markedly lower rate of 
chloride removal than is the case for skeletal muscle. Kidney 
and liver, although slightly lower, are similar to skeletal muscle, 
while pancreas and spleen resemble brain. Lung appears to be 
intermediate in its rate of chloride loss. 

The differences evident in Fig. 1 are also shown in the data of 
Table I. Here the averaged values for chloride obtained for 180 
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ELEC TRODIALYSIS IN MINUTES 


Fic. 1. Curves showing the rate of removal of chloride from various 
dog tissues and agar-Ringer blocks. Chloride, expressed in per cent of 
total tissue chloride, is plotted against the duration of electrodialysis. 


TaBie | 
Comparison of Chloride Removal from Dog Tissue Electrodialyzed 
for 180 Minutes 


External resistance 210 ohms. 





Chloride re- | Ratio, tissue 


Tissue | No. of teste | cent of total | to sbeletal 

Skeletal muscle... | 18 90.0 | 1.0 
Liver . a 3 $5.6 | 0.95 
Intestine 2 | 84.5 0.94 
Heart. . phan 1 86.4 | 0.96 
Kidney :<dbs ene 4 | 8.2 | 0.96 
Lung Asi 2 | 74.0 | 0.82 
Spleen .. . 3 | 66.5 | 0.74 
Pancreas..... 4 60.3 | 0.67 
Stomach . 2 | 85.5 0.62 
ERE Cee OM 

“(aged 48 hrs.)...............| 4 | 73.0 (0.81 
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minutes of electrodialysis are given. In each case a piece of 
skeletal muscle was used for comparison, and the conditions of 
electrodialysis kept standard. From the ratios of a given tissue 
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chloride to its reference skeletal muscle chloride, an arbitrary 
separation of the various tissues may be made. Thus along with 
brain, stomach, pancreas, and spleen may be considered as form- 
ing a group of tissues which offers resistance to the liberation of 
their chloride, either through membrane blocking or through a 
physicochemical binding of part of the total chloride. In the 
other group liver, heart, kidney, and intestine appear to resemble 
skeletal muscle and the inert agar-Ringer gel in losing chloride at a 
fairly rapid rate. 
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Fic. 2. Comparison of chloride removal from fresh and aged skeletal 
muscle and brain. Curves A and B represent fresh and aged skeletal 
muscle; Curves C and D, fresh and aged brain. Readings shown by the 
solid triangles were plotted from data obtained on 48 hour-old brain tissue 
heated for 90 minutes at 100°. 


Effect of Aging, Heating, and Grinding—-When fresh brain and 
brain tissue aged in the ice box for 48 hours are compared with 
corresponding fresh and aged skeletal muscle, it becomes apparent 
that the cellular changes associated with aging increase the avail- 
ability of tissue chloride for transport to the anode. In Fig. 2, 
the curves for both fresh brain and skeletal muscle fall consider- 
ably below those for the aged tissues. 

Preceding electrodialysis, some of the 48 hour brain tissue was 
heated at 100° for 90 minutes. The resulting data when plotted 
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yield a curve which is practically the same as that for 48 hour-old 
skeletal muscle. 

The question arises as to whether the retardation of chloride 
removal from brain, and to a lesser extent from stomach, spleen, 
etc., as compared with skeletal muscle or agar gel is due to a loose 
chemical binding of chloride or is due to a greater membrane bar- 
rier to diffusion. To gain some light on this point one of three 
pieces of fresh brain tissue was ground for 3 minutes with clean 
quartz sand in a mortar, a second was cooked for 75 minutes in a 
steam bath, and one piece was electrodialyzed in its fresh state. 
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Fic. 3. Comparison of fresh dog brain with brain cooked for 75 minutes 
at 100° and brain tissue ground in a mortar. All tissue was from the same 
animal and was electrodialyzed in series connection. 


The resulting curves of Fig. 3 show that chloride is removed from 
the brain brei very rapidly. The slope in this curve is greater 
than for agar and skeletal muscle and approximates the curve 
obtained for a dilute solution of sodium chloride. 

In some of the tissues, and especially brain, there is evidence 
that not all of the chloride is removed after 24 to 36 hours of elec- 
trodialysis at a high current density; whereas skeletal muscle 
under these conditions shows complete removal of all chloride in 
2 hours, stomach and brain at the end of the 24 hour period show 
a small fraction (2 and 5 per cent) remaining in the tissue. A 
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residual fraction of about 4 per cent was found after 24 hours 
electrodialysis in the brain brei experiments. 


DISCUSSION AND SUMMARY 


The results of the present werk indicate a significant difference 
in the rate at which chloride can be electrodialyzed from different 
dog tissues. The rapid rate of removal of chloride from skeletal 
muscle is in essential agreement with the common theory that 
the chloride is associated with the extracellular phase of this tissue 
(3-5). In the case of brain, stomach, spleen, pancreas, and 
possibly lung, the rate of chloride removal is significantly lower 
than in skeletal muscle. 

This retention of chloride by brain tissue, coupled with the fact 
that a small fraction (5.5 per cent average) of the total chloride 
remains in the tissue after long electrodialysis, tends to support 
the earlier findings from perfusion experiments (2) in suggesting 
that a significant part of brain chloride is intracellular. 

Although not conclusive evidence, the retention of some chloride 
by brain brei after 24 hours electrodialysis, even though this 
material along with cooked brain loses its chloride at rates equaling 
or exceeding that of skeletal muscle, suggests that part of such 
intracellular chloride may be organically bound. 
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THE COMPOUNDS BETWEEN PHOSPHATIDES AND 
BASIC PROTEINS* 


By ERWIN CHARGAFF anp MORRIS ZIFF 


(From the Departments of Biochemistry and Surgery, College of Physicians 
and Surgeons, Columbia University, New York) 


(Received for publication, July 27, 1939) 


In a recent publication from this laboratory (1) it was shown 
that cephalin, which is an acidic compound, formed insoluble 
salts with the basic protamine salmine within the entire range 
between pH 2 and 11. Lecithin, which is an internally neutral- 
ized substance, formed salmine compounds at pH 10 and 11 only. 
It was pointed out in that paper that these divergent reactivities 
of the phosphatides might conceivably be of biological importance. 
For this reason, in continuation of our work on lipoproteins, the 
reaction of lecithin and cephalin with basic proteins occurring in 
the animal organism was investigated. The proteins studied 
were histone (as sulfate) from the thymus gland of the calf and 
globin (both as chloride and as oxalate) from cattle hemoglobin. 

An examination of the influence exerted by buffers of different 
pH on the compound formation with phosphatides showed that 
thymus histone formed insoluble compounds with cephalin 
between pH 2 and 7, whereas with globin appreciable formation of 
insoluble cephalin compounds was observed only below pH 4. 
Lecithin formed no compounds with globin; with histone pre- 
cipitates were obtained between pH 7 and 8 only. 

The composition of the phosphatide-protein complexes was 
not independent of the pH at which the reaction occurred. This 
was to be expected, since the number of basic groups in the pro- 
tein available for combination with the acidic cephalin clearly 
is a function of the particular pH. The compounds here de- 
scribed were doubtless true salts, as will appear from the calcula- 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 
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tion of the cephalin-combining capacity of the proteins given in 
this paper in comparison with data in the literature concerning 
the acid-binding capacity of the proteins studied. 

There are certain differences between the compounds of cephalin 
with protamine and those with other proteins. Whereas the 
former were found to be soluble in organic solvents, the latter, 
probably because of the higher percentage (and the higher mo- 
lecular weight) of the protein component, were insoluble in all 
liquids tested. For this reason it is possible that the cephalin- 
salmine complexes showed a somewhat higher degree of purity 
than the compounds here described. 

In a previous study on the rdle of protamines in blood clotting 
(2) their anticoagulant effect was ascribed to their reacting with 
the cephalin which forms part of the thromboplastic factor. The 
results described here tend to supply a strong confirmation of 
this concept. In addition to the protamines, thymus histone 
also has been known to act as inhibitor of blood clotting (3, 4). 
On the other hand, globin has been found to be devoid of anti- 
coagulant action in vivo (5). Thus, the ability of the basic pro- 
teins to precipitate cephalin at a physiological pH parallels their 
inhibitory effect on blood coagulation in a remarkable manner: 
protamines and histones, in contrast to globin, form insoluble 
cephalin salts at pH 7. 

An interesting application of the reaction between cephalin 
and globin was found in the effect of cephalin on hemoglobin, a 
discussion of which is given in the paper following (6). 

In the course of the experiments here described it was noticed 
that cephalin, again in contrast to lecithin, formed insoluble salts 
with certain basic dyes, a brief description of which is included 
here. The value of all these derivatives for preparatory purposes 
is, however, seriously impaired by the difficulty with which they 
are split, making it almost impossible to recover the phosphatide. 


EXPERIMENTAL 
Material 


Phosphatides—Two different samples of cephalin were used 
with the following analytical figures: Preparation C-1 from beef 
brain, P 3.5, N 1.7, amino N 1.4; Preparation C-4 from sheep 
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brain, P 3.2, N 2.0, amino N 2.0. The lecithin sample from beef 
brain used contained 3.7 per cent P, 1.9 per cent N, and was 
practically free from amino N (0.08 per cent). 

Thymus Histone—The histone sulfate was prepared by the 
method of Felix and Harteneck (7) from calf thymus glands. 
Analysis,' found N 16.0, 8 (total) 3.5, H,SO, (by titration) 6.3, 
P 0.29, ash 1.6. For the free base, therefore, a nitrogen content 
of 17.3 per cent was calculated. 

Globin—Globin chloride was prepared from ox blood cells by the 
method of Anson and Mirsky (8). This product was found to 
contain N 15.3, Cl 5.07. It was entirely free of P and practically 
free of ash. For the free base a nitrogen content of 16.1 per cent 
was calculated. 

Globin oxalate was obtained in accordance with the procedure 
of Hamsfk (9). Analysis, found N 13.8. 


Compounds between Phosphatides and Proteins 


Influence of pH on Compound Formation—In order to study 
the effect of varying hydrogen ion concentrations on the formation 
of lipid compounds, experiments were carried out in buffer solu- 
tions. Between pH 3.2 and 8.8 veronal buffers (10) and at pH 
11.5 a glycine buffer were used. The results are summarized in 
Table I. In the experiments there recorded no additional changes 
were observed in repeated readings during a period of 18 hours. 
The phosphatide emulsions themselves, prepared as previously 
described (1), were stable at all pH levels. In absence of phos- 
phatides the histone sulfate solution showed spontaneous pre- 
cipitation at pH 11.3 only, the globin chloride and oxalate solu- 
tions in the range between pH 6.5 and 8.4. As can be seen from 
Table I, no flocculation took place in the presence of the phos- 
phatides at these pH levels; this may be taken as indication of 
the formation of soluble compounds with the proteins. 

Cephalin and Thymus Histone—The compounds, listed in 
Table II, were prepared by mixing a 1.25 per cent emulsion of 
cephalin in buffer with a 2.5 per cent solution of histone sulfate 
in water adjusted to the proper pH. The precipitates which 
formed immediately were, after chilling, separated from the 


1 All compounds described were dried in vacuo over P,O,; at 61° before 
analysis. 











28 Phosphatides and Basic Proteins 


mother liquors (the pH values of which are included in Table II), 
washed with cold water (adjusted to the pH at which the reaction 
had been carried out) and with acetone, and dried. Preparation 


TaBie | 
Reaction between Phosphatides and Basic Proteins at Various pH Levels 
Each tube contained 10 mg. of phosphatide emulsified in 0.5 cc. of water, 
0.5 ec. of the buffer, and 5 mg. of protein dissolved in 0.5 cc. of water at the 
pH given below. The readings were carried out immediately after mixing. 


Histone sulfate | Globin chloride Globin oxalate 














r Cephalin | Lecithin | | Cephalin | Lecithin Cephalin Lecithin 
atii i je |eiisttuloetheloe : 
wir Fe} (Bo) (Ele) |B) | Elbe 18) | 2 

33 ioni lonios! jal lonlem! loll jan 

S | © | | © ox — > }o= = rs 

ms) ime ied |e im 2 a ins ma na 

a = = e = | = j= | = = 
||| — |} — | —| 5 — 44 — IT hl 
3.2 (2.4) +) 3.2) —| 2.9/3.1) + 4.2 —) 3.62.7) +) 4.3 —) 3.9 
5.3/4.3) +| 5.1) —| 5.2; 5.6) +) 5.6] —| 5.4/4.9) | 5.4) -| 5.3 
6.9 6.4) +) 6.7) +| 6.7] 6.4] —| 6.7| —| 6.95.0, —| 6.5) x! 6.5 
8.8 6.4) —| 8.0, +| 8.1/6.4 —| 7.9 -| 8.1/5.0) -) 7.8 x| 7.8 
11.5 6.4) —| 10.3) —| 11.0) 6.4) —| 10.3) —| 11.05.0 —| 10.4, —| 11.0 





+ = heavy precipitate which could not be reemulsified; + = slight 
precipitate; X = fine flocculation, easily reemulsified; — = no flocculation. 


TaBe Il 
Composition of Cephalin-Histone Complexes 


Pp eer CATES 1) 5G ees UL . , : ” 
| Cephalin 











Prepara-| pH of ‘ephali | Histone | Lipopro- | in com- 
tion super- Ow ~ | sulfate tein com- ey Se 8 ples en 
No. natant | “* |; used | plex | is of 

| | P value 

Fa “ty mg. | ‘e pur onl | per cent per cent per cent 
1 3.7 | 425 | 425 | 520 | 2.5 | 6.7 | Pon 
2 4.7 | 62 | 625 | 930 | 2.1 | 7.9 | 0.40 60 
3 | 4.7 1000 500 | 985 | 2.0 | 6.6 | 63 
4 | 7.2 | 3125 | 2500 | 240 | 1.6 | 9.4 | 0.40 | 50 





For Preparations | and 2 Cephalin C-1, for Preparations 3 and 4 Cephalin 
C-4 was used. 


4 was also washed with petroleum ether. All pH values were 
determined by means of the glass electrode. The compounds 
were almost white powders insoluble in all organic solvents tested. 
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It is apparent that the amount of cephalin entering the com- 
pounds decreases with increasing pH. At acid pH the recovery 
of cephalin is very good: 87.4 and 89.3 per cent of the cephalin 
used entered into Preparations 1 and 2 respectively. 

Lecithin and Thymus Histone—An attempt to prepare a lecithin- 
histone compound at pH 6.8 led to a product obtained in low yield. 
From 300 mg. of lecithin and 375 mg. of histone sulfate 127 mg. 
of a white powder, insoluble in moist petroleum ether, were 
obtained. Analysis, found P 1.1, N 12.9. This product, there- 
fore, contained 30 per cent of lecithin according to the phosphorus 


Taste Ill 
Composition of Cephalin-Globin Complexes 
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Salo Ke Vs " C-1) | 5.0) 625! 312) 160/1.9 | 8.2) 54 
iy hii 7 va - C-4) | 7.1) 300) 409 159/0.88)11.8) 28 


and 29 per cent according to the nitrogen values. Its composition 
was not appreciably altered by treatment with petroleum ether. 

Cephalin and Globin—-The preparation of the compounds, 
the properties of which are summarized in Table III, was essen- 
tially similar to that of the histone derivatives discussed in the 
preceding paragraphs. The preparation of Compound 6 in 
Table III was carried out throughout at neutral pH. The globin 
chloride solution was brought to pH 7.3 and separated from the 
precipitated protein portion by centrifugation. The amount of 
globin used in this experiment, as indicated in Table III, repre- 
sents the soluble globin which stayed in solution. As in the 
histone compounds described before, the amount of cephalin 











30 Phosphatides and Basic Proteins 


which combined with globin was inversely proportional to the 
pH at which the reaction had been carried out. The complexes 
were slightly yellow, in some cases light brown, powders which 
were insoluble in all organic liquids tested. 


Salt-Like Nature of Cephalin-Protein Complexes 


The basic properties of proteins are generally recognized to be 
due to the free groups of the basic amino acids (11). Cephalin, 
which is a monobasic acid, might be assumed to combine with 
basic proteins to form true salts. This is actually the case, as 





Taste IV 
_Cephalin-Binding Capacity of Histone 
icatetitien Wa. AE) eee 1 2 . ts 
RS }3.7 [4.7 | 4.7 | 7.2 
Cephalin combined, m.eq. per gm. protein | 2.78 | 1.71 | 1.75 | 1.08 
TABLE V 


Cephalin- ‘Binding Capacity of Globin 





Preparation No | 1 | 2 | 3 ] 4 | 5 | 6 
Re a 23/30/38 /42 |5.0 | 7.1 
geo combined, m. eq. per gm. | 

protein . Ma's | 2.21 | 1.48 | j 3-68 | 8.08 | 1.34 | 0.40 





will appear from Tables IV and V, in which the cephalin-binding 
capacity of histone and globin is summarized on the basis of the 
analytical properties of the various compounds described above. 
The combining weights of the cephalin samples used, required for 
the calculation of the number of milliequivalents of cephalin 
which unite with 1 gm. of protein, were calculated from the phos- 
phorus content of the cephalins. 

' The acid-binding capacity of histone can be calculated from the 
analytical data of Felix and Harteneck (12) for arginine, lysine, 
and histidine to be 1.71 milliequivalents of acid per gm. of protein. 
This coincides with the value observed at pH 4.7 in the present 
study. The lower values observed at about pH 7 with both 
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histone and globin are ascribable to the decreased dissociation of 
the weakly basic groups in the protein. This is in agreement with 
findings of Meyer, Palmer, and Smyth (13) concerning the pro- 
tein complexes of chondroitinsulfuric acid. 

The higher amounts of cephalin bound by both proteins at 
very low pH show that under these circumstances a larger number 
of basic groups react with the cephalin. This could be due to 
the basicity of the imidazole group at the low pH, or, perhaps, to 
the fact that cephalin is an amphoteric compound in which, once 
its acidic group had reacted with the protein, its amino group 
would be free to react with more cephalin molecules. In this 
manner larger aggregates of cephalin-protein complexes would be 
formed with the following structure: 


RO RO 


| 
PrH* --- ~OPO,- (CH,).N H;* eee ~OPO, - (CH,).N Hy 


in which Pr represents the protein, R the diglyceride part of 
cephalin. 

The acid-binding capacity of globin has been calculated from 
its basic amino acid content as 1.31 (14). This is in good agree- 
ment with the value 1.34 recently arrived at by Cohn (11) on 
the basis of electromotive force measurements. The figures given 
in Table V for Preparations 2 to 5 are in satisfactory agreement 
with this value. From the analysis of the HCl content of the 
globin chloride sample used in the present experiments a value of 
1.50 milliequivalents of acid per gm. of globin can be computed. 
A similar figure, 1.51 milliequivalents, results from the analysis 
of globin picrate (15). 

As a supplement to the previous investigation of cephalin- 
salmine compounds (1) the cephalin-binding capacity of salmine 
was calculated from the figures given there. For different com- 
pounds 4.70 and 6.44 milliequivalents of cephalin per gm. of 
protamine were found. The calculated value, given in the 
literature (16), is 5.02. It may be concluded that all synthetic 
lipoproteins described were true salts between the monobasic acid 
cephalin and the basic proteins. 











32 Phosphatides and Basic Proteins 


Effect of Histone and Globin on Blood Clotting 


In Table VI the anticoagulant effects of salmine sulfate and 
histone sulfate are compared. Histone had a slightly lower 
activity than the protamine. Globin (as chloride), on the other 
hand, was found entirely inactive. The tests for anticoagulant 
activity were carried out with activated chicken plasma as 
substrate by the technique generally employed in this laboratory 
(17). 


TaBLe VI 
Anticoagulant Effect of Basic Proteins 








Amount in 0.1 ce. Clotting time 
activated chicken — - 


plasma Seiten saltate Histone sulfate Globin chloride 
mg. min, min. min. ; 
0 | 9 | 9 | 9 
0.04 18 14 i) 
0.08 | 22 18 y 
0.15 27 27 9 
gy 


0.3 49 36 


Compounds between Cephalin and Basic Dyes 


The following preliminary observations formed the basis for a 
number of experiments. When an aqueous solution of methylene 
blue, CjeHisN;SCl, or thionine (Lauth’s violet), CypHioN;SCl, was 
added to an emulsion of cephalin in water, an immediate pre- 
cipitation of a deeply colored compound took place. With 
lecithin no precipitation was observed. When an aqueous solu- 
tion of these dyes was shaken with toluene in the presence of a 
slight excess of alkali, a pink or light red-colored dye (presumably 
the free base) went into the toluene layer. The addition of a 
few drops of this light colored toluene solution to a solution of 
cephalin in toluene immediately produced a very deep purple 
color similar to that of the cephalin dye salt. In the presence of 
cephalin practically no dyestuff could be extracted from the 
toluene solution by shaking with dilute acids. 

To an emulsion of 1.0 gm. of cephalin (Preparation C-1) in 50 
cc. of water 330 mg. of thionine in water were added. The deep 
purple precipitate was, after chilling, washed with cold 50 per 
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cent acetone and with cold water until the washings were prac- 
tically colorless. The dried material weighed 1.12 gm. and formed 
an almost black powder. It was soluble in chloroform, somewhat 
soluble in ether and petroleum ether, and insoluble in acetone 
and water. 


Analysis 


Found Caleulated for thionine cephalin 
N 5.33, P 2.75, 8 2.61 
N:P:S = 4.3:1:0.9 4:1:1 
Cephalin 78.6 (from P value) 79.5 


|, atthe alt 


The cephalin salt with methylene blue was not obtained in 
sufficient purity. It was found to be more soluble in organic 
solvents than the thionine compound. All compounds obtained 
strongly resist disruption into their components. 

In connection with these experiments attention should be 
drawn to an interesting investigation by Loewe (18) of the dis- 
tribution of methylene blue, which in itself is insoluble in organic 
solvents, between water and organic lipid solutions. It is remark- 
able that in these experiments also solutions of crude cephalin 
were found to take up considerably more dye than those of other 
lipids. 


We should like to thank Mr. B. Kress for assistance in the 
course of these experiments and Mr. W. Saschek for a number of 
microanalyses. 


SUMMARY 


The preparation and properties of compounds between phos- 
phatides and basic proteins are discussed. The ability of salmine 
and thymus histone to inhibit blood coagulation is contrasted 
with the inactivity of globin. Mention is made of the preparation 
of cephalin salts of basic dyes. 
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THE REACTION BETWEEN CEPHALIN AND 
HEMOGLOBINS* 


By ERWIN CHARGAFF, MORRIS ZIFF, anp BRUCE M. HOGG 


(From the Departments of Biochemistry and Surgery, College of Physicians 
and Surgeons, Columbia University, New York) 


(Received for publication, July 31, 1939) 


The addition of neutral emulsions of purified cephalin to solu- 
tions of oxyhemoglobin and carbon monoxide hemoglobin brings 
about the rapid disappearance of the specific absorption bands. 
Subsequent addition of ammonium sulfide produces typical hemo- 
chromogen spectra. Lecithin emulsions are without effect. 
This surprising phenomenon appears to be another instance of 
the fundamental difference between cephalin and lecithin with 
regard to biological systems previously studied in this laboratory 
(1-3), and seems of sufficient general interest to justify a more 
detailed investigation. 


EXPERIMENTAL 
Material 

Phosphatides—In most experiments the same cephalin and 
lecithin preparations were used as described in the preceding 
paper (3). Other phosphatide preparations, used in some cases 
for control purposes, were obtained from beef and sheep brain 
by the usual procedures. 

Blood Pigments—Carbon monoxide hemoglobin was prepared 
from dog blood cells essentially according to the method of Delrue 
(4). After two recrystallizations the pigment crystallized in 
beautiful long needles. Its solution was freed of salts by dialysis 
and showed sharp absorption bands with maxima at 573 and 
542 mu. 

As the source for oryhemoglobin human erythrocytes were used 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 
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which, after repeated washing with cold physiological saline, 
were hemolyzed with distilled water and freed from the stromata. 


Phosphatides and Blood Pigments 


Spectrometric Observations—In preliminary experiments in 
which a small Zeiss spectroscope was used, it was observed that 
the addition of 0.5 cc. of a neutral 2.5 per cent emulsion of cephalin 
in water to 3 cc. of an oxyhemoglobin solution showing sharp 
bands at 575 and 540 my produced complete fading of the bands 
within a short period. The time varied between 2 and 15 minutes. 
It obviously depended upon the pigment concentration, but also 
upon the age of the solution, for freshly prepared solutions re- 
quired much less time for the reaction than solutions which had 
been stored. Slight differences only were observed between 
different cephalin samples; the reaction invariably took place in 
all cases. The resulting solution did not seem to have a charac- 
teristic spectrum. The addition of ammonium sulfide, however, 
produced a new spectrum with typical hemochromogen bands 
around 560 and 530 my. With lecithin no appreciable fading 
of the oxyhemoglobin spectrum was observed for periods up to 
24 hours. Mixtures of lecithin and cephalin showed the effect. 
The treatment of an oxyhemoglobin solution with (NH,).S in the 
presence of lecithin resulted merely in the formation of reduced 
hemoglobin, as shown by the spectrum. 

This sequence of reactions was then followed by means of a 
photoelectric spectrophotometer.' The absorption curves ob- 
tained are reproduced in Fig. 1. The complete disappearance of 
the oxyhemoglobin spectrum, as produced by cephalin at pH 
7.0, is shown in Curve A) Curve B demonstrates that lecithin 
has no such effect. The change in Curve A and the production 
of a new spectrum due to the action of ammonium sulfide are 
shown in Curve C. 

These reactions appeared to indicate the disruption of the 
heme-globin linkage under the influence of cephalin. In order 


1 The spectrometric measurements were carried out in 1 em. cells with 
pigment solutions of about 0.15 per cent concentration. 

2 The cephalin samples used, when measured in the photoelectric spectro- 
photometer, showed practically no absorption in the visible part of the 
spectrum. 
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to test the assumption that an equilibrium existed between 
oxyhemoglobin and cephalin on the one side and the products 
resulting from the reaction of the two on the other, the effect of 
the addition of globin to this system was tested. It was found 
that globin prevented, or at least retarded, the disappearance of 
the oxyhemoglobin spectrum. Whereas, for instance, the addi- 
tion of 0.5 ec. of a neutral 1 per cent cephalin emulsion to 3 cc. 
of oxyhemoglobin solution produced fading of the spectrum 
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Fig. 1. Oxyhemoglobin. Curve A, 3 ec. of HbO,, 12.5 mg. of cephalin in 
0.5 ce. of HO; pH 7.0. Curve B, 3 ce. of HbO,, 12.5 mg. of lecithin in 0.5 
ec. of H,O; pH 7.1. Curve C, 3 ce. of HbO:, 12.5 mg. of cephalin in 0.5 ce. 


of H,O. After disappearance of the HbO, spectrum 5 drops of (NH,).8 
solution were added; pH 9.2. 


within 17 minutes, the simultaneous addition of 0.5 ce. of a 1 
per cent globin solution (pH 7.4), prepared according to Anson 
and Mirsky (5), made the bands at 575 and 540 my persist for 
at least 3 hours. 

When the sequence of reactions was reversed by initial reduc- 
tion of oxyhemoglobin with (NH,).S8 to hemoglobin followed by 
the addition of cephalin, no change in the broad absorption band 
of hemoglobin took place. Reduced hemoglobin appeared to be 
resistant to the attack of cephalin. 
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A similar series of reactions was observed when solutions of 
crystalline carbon monoxide hemoglobin were used. In Fig. 2 
the absorption curve obtained by the action of cephalin on carbon 
monoxide hemoglobin at pH 6.8 is compared with the somewhat 
similar absorption curve resulting from the action of strong acid 
at pH 2.2. 
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Fic. 2. Carbon monoxide hemoglobin. Curve A, 2 ce. of HbCO, 25 mg. 
of cephalin in 1 ec. of HO; pH 6.8. Curve B, 2 ce. of HbCO, 0.2 ec. of 0.2 
wn HCl, 0.8 ec. of H,O; pH 2.2. 


In Fig. 3 the absorption curve of carbon monoxide hemoglobin 
is contrasted with the hemochromogen curves resulting from the 
action of cephalin and alkali, respectively, followed by treatment 
with ammonium sulfide. Lecithin also was inactive in the case 
of carbon monoxide hemoglobin. 

It was of importance to ascertain whether the hemochromogens 
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observed were in the oxidized or reduced state, and whether 
(NH,)28 acted only as reducing agent or also as source of am- 
monia, thereby producing reduced ammonia hemochromogens. 
It was in fact found that, when sodium hyposulfite, Na,S,0,, was 
substituted for (NH,).S8, no absorption bands appeared in the 
cephalin-treated oxyhemoglobin solution. The subsequent addi- 
tion of pyridine, however, produced bands at 555 and 525 my 
similar to those given for reduced pyridine hemochromogen in the 
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Fig. 3. Carbon monoxide hemoglobin. Curve A, 3 ec. of HbCO, 0.5 
ec. of H,O; pH 6.9. Curve B, 3 cc. of HbCO, 12.5 mg. of cephalin in 0.5 
ec.of H,O. After disappearance of the HbCO spectrum 5 drops of (NH,),8 
solution were added; pH 9.0. Curve C, 3 ce. of HbCO, 5 drops of 2n KOH. 
After disappearance of the bands 5 drops of (NH,),8 solution were added; 
pH 9.0. 






































literature (6). This finding showed that the production of the 
new spectrum by (NH,):S was due to the formation of redtced 
ammonia hemochromogens. In accordance with this assumption 
it was found that the addition of a few drops of pyridine to an 
oxyhemoglobin solution which had been treated with cephalin 
produced rather weak absorption bands of almost equal intensity 
at 560 to 550 and at 525 my, similar to those of oxidized pyridine 
hemochromogen (parahematin) (6). Subsequent reduction of 
this solution with Na,S,0, produced the spectrum of reduced 
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pyridine hemochromogen with the band at 555 my showing a 
much greater intensity than that at 525 my. These curves are 
reproduced in Fig. 4. Curve A shows the spectrum of reduced 
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Fic. 4. Oxyhemoglobin. Curve A, 3 cc. of HbO,, 12.5 mg. of cephalin in 
0.5 ce. of H,O. After disappearance of the HbO, spectrum 5 drops of 5 per 
cent Na2S,0, were added, followed after 2 minutes by 5 drops of pyridine; 
pH 7.1. Curve B, 3 ec. of HbO:, 12.5 mg. of cephalin in 0.5 ec. of H,0. 
After disappearance of the HbO, spectrum 5 drops of pyridine were added; 
pH 8.0. Curve C, to the solution whose spectrum is shown as Curve B 
5 drops of 5 per cent Na.S.0, were added; pH 6.5. 


pyridine hemochromogen formed by pyridine in the presence of 
Na,S.0,; Curve B, the spectrum of pyridine parahematin (oxidized 
hemochromogen) formed in absence of a reducing agent; Curve C, 
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reduced pyridine hemochromogen produced from pyridine para- 
hematin by reduction with NagSeQ,. 

Carbon monoxide hemoglobin solutions, when treated with 
cephalin until the absorption bands had disappeared, gave on 
addition of pyridine a spectrum with a definite peak at 530 mp 
and a weak maximum at 558 mu, somewhat resembling the spec- 
trum published by Drabkin and Austin as Curve 4 of their Fig. 7 
(6). By subsequent reduction of this solution with NagSjOy a 
typical reduced pyridine hemochromogen curve was obtained 
similar to Curves A and C, Fig. 4. 

It was of interest to determine whether substances which are 
known to occur together with the phosphatides were responsible 
for the effect on blood pigments here described. One compound 
which had to be considered in this connection was the plasmalogen 
complex of Feulgen. This substance is converted by mild acid 
treatment into the so called plasmal, presumably a mixture of 
higher aliphatic aldehydes (7). Plasmal was isolated according 
to the procedure of Feulgen and Behrens (8) by subjecting an 
aqueous emulsion of 100 gm. of crude phosphatides from beef 
brain® to steam distillation in the presence of HCl and HgCh. 
The plasmal preparation obtained, which was characterized by 
its thiosemicarbazone, m.p. 85-88°, showed no effect on the 
spectrum of oxyhemoglobin and carbon monoxide hemoglobin.‘ 

A cephalin sample was hydrolyzed with HCl and the hydrolysis 
mixture after neutralization tested on oxyhemoglobin in the same 
concentrations as in the experiments with cephalin described 
above. No fading of the absorption bands was observed. In 
stoppered tubes slow reduction to hemoglobin was noticed; by 
shaking with air the oxyhemoglobin spectrum was restored. 

Ethanolamine was without effect on oxyhemoglobin. Sodium 
aminoethyl phosphate, synthesized according to Outhouse (9), 
likewise proved ineffective. 

Precipitates Obtained with Cephalin at Acid pH—Hemoglobin 
solutions to which cephalin had been added gave on acidification 


* We are highly indebted to Dr. D. Klein of The Wilson Laboratories, 
Chicago, for the phosphatide mixture used. 

‘In view of the ability of cephalin to activate the clotting of blood it 
might be noted here that plasmal was found to be without effect on blood 
clotting. 
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with acetic acid or veronal buffers dense precipitates. The super- 
natant solutions were entirely colorless. In the absence of cepha- 
lin practically no precipitation took place under these circum- 
stances. Two complexes will be briefly described. 

To 5 ce. of a 2.6 per cent solution of crystalline carbon monox- 
ide hemoglobin an emulsion of 62.5 mg. of cephalin (Preparation 
C-4) in 2.5 ce. of water and 5 ce. of veronal buffer at pH 3.2 were 
added. The precipitate was centrifuged off after chilling and 
repeatedly washed with cold water, acetone, and petroleum ether. 
It weighed 141 mg. and formed a reddish brown powder. Analy- 
sis, found N 9.0, P 1.1. A second preparation gave a very 
similar product in the same yield, containing N 10.1, P 1.0. 


DISCUSSION 


It is unlikely that the effect of cephalin on blood pigments de- 
scribed in the present paper was due to an impurity contained in 
the cephalin preparations. The complete inactivity of lecithin, 
of the plasmal fraction isolated from cephalin, and of the hydroly- 
sis products of cephalin seems to speak against this assumption. 
The cephalin preparations used appeared to be highly active: 
they were present in the mixtures in about 0.005 m concentration. 
This must be contrasted with the high concentrations in which 
substances which denature hemoglobin, viz. sodium salicylate 
(10) or urea (11), exert their action. 

In view of the results on the formation of salts between cepha- 
lin and basic proteins, described in the preceding paper (3), the 
most probable explanation for the action of cephalin on hemo- 
globins appears to be that under the influence of cephalin there 
takes place in neutral solution a disruption or a loosening of the 
heme-globin linkage, both in oxyhemoglobin and carbon monox- 
ide hemoglobin, in the following manner: oxyhemoglobin + 
cephalin = cephalin-globin + hematin. 

The cephalin-giobin compound at pH 7 presumably occurs as 
a soluble complex. The effect of free globin on the action of 
cephalin, as described above, is in accordance with this concep- 
tion. 

The results obtained so far show that hemoglobin, in contrast 
to oxyhemoglobin and carbon monoxide hemoglobin, is resistant 
to the attack of cephalin. It will be of interest to remember 
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that on the basis of magnetic susceptibility measurements Paul- 
ing and Coryell (12) came to the conclusion that in oxyhemoglo- 
bin and carbon monoxide hemoglobin the iron is bound to the 
porphyrins and globin by covalent bonds, whereas in hemoglobin 
this linkage is effected by ionic forces. 

The elucidation of the reaction mechanism was necessarily 
based on spectroscopic evidence. It benefited from a careful 
investigation of the various hemochromogen spectra by Drabkin 
and Austin (6). Cephalin was found to bring about disruption 
of oxyhemoglobin with formation of neutral hematin or perhaps 
globin parahematin which showed no distinct spectrum (Fig. 1, 
Curve A). By subsequent reduction with ammonium sul- 
fide reduced ammonia hemochromogen was produced (Fig. 1, 
Curve C). When instead this hematin solution was first reduced 
with sodium hyposulfite and then treated with pyridine, reduced 
pyridine hemochromogen was obtained (Fig. 4, Curve A). By 
addition of pyridine to the hematin solution without previous 
reduction pyridine parahematin (oxidized pyridine hemochromo- 
gen) was produced (Fig. 4, Curve B). This parahematin solution, 
when treated with Na,S.O,, again gave rise to the reduced pyri- 
dine hemochromogen (Fig. 4, Curve C). The ineffectiveness of 
lecithin is clearly shown in Fig. 1, Curve B. 

Carbon monoxide hemoglobin appeared to react with cephalin 
in a similar manner (Fig. 2, Curve A). Treatment with (NH,).8 
led to the formation of a reduced ammonia hemochromogen 
(Fig. 3, Curve B). Although certain small differences between 
the spectra of the reaction products from oxyhemoglobin and 
those from carbon monoxide hemoglobin were noticed, it appears 
probable that the first step in the attack of cephalin on carbon 
monoxide hemoglobin, viz. the disruption of the heme-globin 
linkage, entailed the loss of CO. 

An eventual consideration of the biological aspects of some of 
the findings here discussed will have to await further work on 
this subject. 


SUMMARY 


Cephalin, in contrast to lecithin, disrupts the linkage between 
the iron-porphyrin complex and globin in oxyhemoglobin and 
carbon monoxide hemoglobin. The mechanism of this reaction 
is discussed. 
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Since ingested citric acid is almost completely metabolized 
(Ostberg, 1931; Kuyper and Mattill, 1933; Boothby and Adams, 
1934; Sherman, Mendel, and Smith, 1936, b), the large quantities 
of this compound appearing in the urine following the administra- 
tion of alkalies or potentially alkaline substances must come from a 
source other than that preformed in the diet. The mobilization 
of possible “storage depots’’ of citric acid in the organism cannot 
account for the amounts excreted under conditions of alkalinity, 
for the results of numerous analyses (Ostberg, 1931; Pucher et al., 
1936; Thunberg, 1929; Scherstén, 1936; Grénwald, 1936) show 
that its concentration in the various tissues and body fluids rarely 
exceeds 2 mg. per cent. The natural deduction from the fore- 
going considerations is that citric acid must be produced in vivo 
from other substances. More direct evidence in support of this 
thesis was obtained by Sherman, Mendel, and Smith (1936, a). 
“They observed that dogs, maintained on a citrate-low diet to which 
sodium bicarbonate was added, excreted a total amount of citric 
acid far in excess of that present in the diet and that estimated to. 
be initially contained in the animals. 

Inasmuch as it appears that citric acid is produced as a normal 
metabolite and in greater quantities in response to alkali ad- 
ministration, the character of its precursors becomes of interest. 
The previous work done in regard to this question has been re- 
viewed by Smith and Orten (1937); it suffices, therefore, to indi- 
cate that thus far results of efforts to determine the nature of 


*Charles Pfizer and Company Fellow in Physiological Chemistry, 
1938-39. 
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the precursors have been rather inconsistent. While each of the 
primary foodstuffs is believed by different investigators to give 
rise to citric acid, contradictions exist. Boothby and Adams 
(1934), who worked with dogs, believe that they observed a 
relationship between its production and the metabolism of pro- 
teins. On the other hand, Fiirth et al. (1934) concluded from 
studies on a pig that it arises from carbohydrates in the mam- 
malian organism. Verkade (1938) recently presented a salient 
argument, based on theoretical considerations, for the réle of fats 
in citric acid production. Sherman, Mendel, and Smith (1936, a) 
were unable to obtain convincing evidence that products derived 
from either protein or carbohydrate serve as precursors of endo- 
genous citric acid. They observed no significant rise in the 
urinary output of citric acid of dogs fed a citrate-low ration when 
either the amount of carbohydrate or of protein in the diet was 
increased. However, when alkali was also administered, there 
was an indication that the increased excretion of citric acid was 
augmented by a carbohydrate-rich diet, whereas no such effect 
followed the feeding of a protein-rich diet. 

The experiments described in the present paper were carried out 
in order to obtain more definite information as to which of the 
major foodstuffs may give rise to urinary citric acid. They were 
designed, also, to provide more definite evidence than previously 
has been available that the citric acid eliminated is actually of 
endogenous origin. 


EXPERIMENTAL 


Rats weighing about 200 gm. were used. They had been main- 
tained until the beginning of the experiment on a stock ration com- 
posed of 16.5 pounds of Calf Meal,' 280 cc. of cod liver oil, 225 gm. 
of wheat germ, and 225 gm. of dried yeast. Twelve animals in 
three groups were maintained on one of the four diets indicated in 
Table I. The standard diet contained amounts of carbohydrate, 
fat, and protein commonly used in adequate basal diets. Each 
of the other three rations contained an exaggerated quantity of 
one of these principal foodstuffs in order to emphasize its possible 
effect on citric acid production. With the exception of the one 
bigh in protein, the diets were calorically balanced with respect 


1 Maynard, L. M., Science, 71, 192 (1930). 
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to protein and the ratio of inorganic salts to the total calories pro- 
vided by each ration was constant. These adjustments were made 
in order to exclude, in so far as possible, any effect which might be 
ascribed to variations in these components. 

The lactalbumin contained a relatively large quantity of ci- 
trates, but it was found that this could be largely removed. For 
this purpose lots of 1 kilo were allowed to stand several days in 
5 liters of 1.0 per cent sulfuric acid, with occasional shaking. 


TaBie I 
Composition of Diets 




















— | Protein ao Fat 
Re Ti on inne ntedcconudeusacal 15.0 | 72.6) 14.0) 21.0 
Ps is 6 kinid snd gns esi ccdamakeeeieal | 50.5 58.6 
Hydrogenated fat,t %.....................| 27.0| 2.0} 20.0| 70.5 
Cod liver oil, %....... an nid aise’ ..| 8.0 5.0 5.0 5.0 
Salt mixture,t %....... ae 2.5 2.4 2.4 3.5 
Calories per 100 gm. 561.1 | 532.6 | 524.4 | 788.2 
chan Sn RE 10.9| 56.3| 10.9) 10.9 
Total calories 

Citric acid, mg. per 100 gm. 

For first 4 periods for Rats 1-12.... 1.1 5.08 1.04) 1.47 

Remaining periods for Rats 1-12........ | 1.55) 7.26) 1.46) 2.1 

eR i TIE, dancdbine 20 x4s hecdnas | 3.05, 14.52) 2.86, 4.2 











Each rat received a solution containing 80 mg. of liver extract, Lilly, 
No. 343 and 200 mg. of ryzamin-B concentrate per day (1.032 mg. of citric 
acid per 3 days). 

* Labco, No. 15-42, The Borden Company, Bainbridge, New York. 

t Crisco. 

t Hubbel, Mendel, and Wakeman (1937). 


After filtering, followed by several suspensions in distilled water, 
the pH of the last suspension was brought near the initial pH 
(4.15) of the lactalbumin. This was done by the cautious addi- 
tion of a solution of sodium bicarbonate. At the start of the 
problem, indicators were used in estimating the pH. Owing to 
this fact, too much bicarbonate was mistakenly added to one 
preparation and, it is believed, not quite enough to another. 
The effects of these deviations will be discussed later. After 
another filtration, the material was resuspended in distilled water, 
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placed in large cellophane bags, and dialyzed against running tap 
water at a temperature of 25-40°, with frequent gentle kneading 
of the bags. Generally 2 days sufficed to remove any detectable 
sulfate ions. After the dialyzed material was filtered, it was 
suspended for a short period in 95 per cent alcohol which later 
was removed by filtration. The lactalbumin was dried by spread- 
ing it on large trays in a drying oven. This procedure uniformly 
yielded a product which contained from 0.015 to 0.020 per cent 
citric acid. 

In addition to the citric acid present in the lactalbumin, traces 
were found in the dextrin. The total quantity of citric acid 
obtained by the rats from the various diets as well as that present 
in the vitamin supplement is indicated in Table I. Records of 
growth and quantitative measurements of food consumption were 
made at 3 day intervals. 

The animals were kept in individual metabolism cages sup- 
ported over glass funnels and the urine was collected in flasks 
containing about 25 cc. of 5 per cent sulfuric acid. When it was 
desired to determine the pH of the urine, toluene was used. The 
funnels were rinsed daily, the main sample being kept separate 
from the rinsings for the pH determinations. 3 day samples of 
the urines were used for citric acid analyses. The method of 
Pucher, Sherman, and Vickery (1936) was employed for all citric 
acid determinations, the final measurement being made with a 
photelometer having a color filter with maximum transmission at 
4250 A 

The amounts of citric acid produced by the first two groups of 
rats maintained on the various diets are given in Table II. Since 
the quantities of citric acid ingested with the diets during a 3 day 
period were particularly uniform and small, in order to conserve 
space they are not presented in detail. The intakes ranged from 
1.4 to 2.5 mg. per 3 day period for the first group of rats receiving 
the protein-rich diet and from 4.8 to 6.0 mg. for the second group. 
The corresponding groups of rats on the carbohydrate, fat, or 
standard diets obtained from 1.2 to 1.5 mg. and from 1.8 to 2.4 
mg. respectively. While it was observed that considerable varia- 
tion existed in the quantities of citric acid produced by rats eating 
the same diet, with even some overlapping between the groups, 
distinct differences between the effects of the various diets are 
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evident. The differences in the average quantities of citrate pro- 
duction by the two series of rats on the same diet are explainable on 
the basis of a difference in the hydrogen ion concentration of the 


Tasie II 
_ Citric Acid Production* on Various Diels 
__ The results are expressed i in mg. per 3 day period. 








ae Period No. i | Period No. 

Xe. |_| OO). LT TL — 
eee Ve | WIRE ARS Ow a, 
Standard diet 
7 | 1.5 3.4| 2.7) 4.0 13 | 47.21 33.5 | 45.71 13.61 8.81 15.7 
s/o1 1.1) 1.41 1.2114! 49.7\ 44.8 27.0| 20.4 oe 22.9 
9| 1.4) 4.9) 5.2) 6.215) 16.0, 12.7, 6.5| 14.4) a 15.8 


Average | of 12 determinations = 2. 7 mg. ; of 18 determinations = 21. 9 ‘mg. 


Protein diet 





a] asl ~0.1| 0.9 0.2 16| 10.6 4 3|-2.21 0.0 -2.5| -2.5 
2/ 4.9 0.1) 0.2 0.317 15.5 8.3 | -0.5 0.2) -1.4| 0.8 
3 | 1.1) -0.3) -0.3) —2.3) 18 | 16.9) 19.0 | 5) 2.7) -0 -0.6 1.7 


Average of 12 determinations = 0. 7 mg.; of 18 determinations = 3.9 mg. 





Carbohydrate diet 











10 | 22.1) 29.6! 18.61 10. 0 19 | 57. | 58.9 24.8, 21.2) 28.4) 19.2 
il 19.3 10.3, 5.4 10.4, 20 | 80.8] 59.3 | 52.4) 41.2) 51.7) 49.8 
12 | 86) 9.0 7.2 9.7) 21 | 100.4 87.8 | 73.8) 48.3) 51.7) 65.3 








Average of 12 determinations = 13.3 mg.; of 18 determinations = 5A. On ‘mg. 











Fat diet 





3.8, 5.81 11.91 12.9] 22 | 45.5] 52.0 @9.1| 65.5) 


| | ‘11.7 65.5 
2.3) 11.0) 5.8) 5.9| 23 | 8.7) 11.2 olen RS 30.8, 28.4 
7.8) 21.8 20.7 18.6) 24 23.2) 28.2 36.0! 43.5, 30.1 22.5 


y 
5 
6 





Ave erage of 12 determinations = 10.7 mg.; of 18 determinations = 37.8 mg 








° Urinary minus ingested citrie acid. 


lactalbumin preparations used in the two series of diets. As 
pointed out previously, indicators were at first used in the final 
pH adjustment of this product. When a glass electrode later 
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became available, the pH of the lactalbumin was again estimated 
and found to be 4.45. While none of the first preparation was 
still available, comparison of results obtained with a later prepara- 
tion of lactalbumin with pH 4.15 indicated the likelihood of in- 
complete removal of sulfuric acid from the first product. These 
differences in pH of the protein constituent in the diets thus had 
the effect of a superimposition of the well known acid-alkali in- 
fluence on citric acid excretion. They do not, however, detract 











Taste III 
Comparison of Urinary pH with Citric Acid Production of Rats on Various 
Diets 
| Cittleacia, | pH 
Diet average per 3 = a a - 
days* Average | Range 
| | 
Standard 13.4 6.0 5.7-6.3 
| 22.6 5.5 5.0-5.7 
11.5 5.7 5.4-6.1 
Protein —1.8 5.7 5.7t 
| —0.2 5.8 | §.6-6.2 
1.1 5.9 | §.7-6.2 
Carbohydrate 23.4 6.2 5.3-7.0 
| 4.8 | 5.6 5.2-6.0 
os | 5.9 | 5.46.6 
Fat te oil ai 5.9-6.4 
26.0 6.0 5.8-6.4 
33.0 6.1 6.1-6.4 


Urines were collected under toluene. 

* pH observed on last four periods; citric acid values correspond to 
these periods. 

t One sample; others contaminated with feces. 


from the significant effect of the diets themselves; the citric acid 
production of the second group of rats on the protein-rich diet was 
not increased in amount to nearly the extent observed in the case 
of the other diets. Since in the second series the diets contained 
the greater amounts of alkali, the anticipated result would be a 
greater increase on the protein diet if the results were due only to 
differences in the acid-base-forming character of the diets. Other 
evidence which refutes the possibility that the differences in the 
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amounts of citric acid excreted might be due to this factor is sup- 
plied by an examination of the pH values of the various urines. 
In Table III are presented data which show that in so far as the 
acid-base balance can be determined by the pH of the urine, 
no distinction can be made in this respect. 

After Rats 1 to 12 had been maintained on their respective diets 
for 12 days, the rations were interchanged in the manner in- 
dicated in Table IV. The response in the amounts of citric acid 
excreted to the change in diet wasin general surprisingly prompt. 
For instance, in the case of the animals which were transferred 
from the carbohydrate to the protein diet, there was a drop to the 
values characteristic of values for rats fed the high protein ration 
during the first period. However, a striking initial rise occurred, 
followed by a very gradual decrease in two of the three animals 
transferred from the fat-rich to the standard diet. The consecu- 
tive values for nine 3 day periods were 33.6, 25.5, 19.8, 10.4, 9.8, 
6.5, 9.5, 7.7, and 9.1 for one rat and 32.7, 27.2, 26.4, 19.9, 13.4, 
16.4, 12.9, 8.0, and 6.6 mg. of citric acid for the other. The 
third animal likewise excreted a greater quantity but maintained 
a high level during the same nine 3 day periods. It is known that 
rats may experience a “‘carbohydrate deficit’”” when maintained on 
a diet rich in fat and devoid of carbohydrate, for the addition of a 
smal] amount of carbohydrate to the diet will result in an increased 
rate of growth (Smith and Carey, 1923-24). This circumstance 
together with the foregoing observation suggested the possibility 
that further information could be obtained by extending the study 
to more animals when transferred to other diets. Accordingly 
three groups of six animals each, Rats 95 to 112, were placed on 
the diet high either in protein, carbohydrate, or fat for 9 days; 
the diet was then changed in the manner shown in Table IV. 
The results were comparable to those first obtained. From Table 
IV it is seen that a transfer from the protein diet to either the fat 
or carbohydrate diet elicited a greater production of citric acid 
than when the initial regimen was omitted. However, the re- 
verse of this was not true. Whether the rats were taken from the 
stock ration or one of the other experimental diets, citric acid pro- 
duction on the protein diet was greater than average for this diet 
only during the first 3 days; thereafter it was characteristically 
low. 











TaBLe IV 


Response in Citric Acid Production to Change in Diet 


ame First diet Second diet 
QQ EEE s 
ea Stand. Protein Rs. Fat —¥ Protein ie. Fat 
mg. | mg. mg. mg. mg. mg. mg. mg. 
7c | 2.9° 9.5t 
8c} 0.9 3.4 
9c | 4.4 6.1 | 
| (2.7) (6.3) 
ld 1.3° 29.5f 
2¢ 1.4 31.7 
3 | —0.4 31.7 
(0.7) (31.0) 
10 & 20.1* 0.5f 
ll¢ 11.3 1.1 
12 Z| 8.6 1.8 
(13.3) (1.1) 
4c | 8.6* 14.6f 
5 | 6.2 | 19.3 | 
6 Z| | 17.2] 27.9 
(10.7), (20.6) 
95 9 | 2.9§ 48 .4*) 
96 9 | 1.3 18.1 
97 9 2.2 67.9 
98 9° | —0.3 (44.7)| 42.9* 
99 9 | —0.5 15.1 
100 9 | —0.4 23.9 
(0.8) (27.3) 
101 9 | 13.7§ 13.9* 
102 9? | 21.8 31.2 | 
103 9 | 37.6 | 56.5 
104 9 | 10.6 1.9* | (33.8) 
105 9 | 17.8 3.5 
106 9° | 16.9 2.9 
| | (19.4) (2.7) 
107 2 | 24.2§ 14.2* 
108 2 22.8 15.8 
109 9 | 7.6 9.3 
110 @ | 31.5 0.5* (13.1) 
lll 9 | | 20.2 —0.5 
112 9 | 25.9 2.8 
(22.0) | (0.3) | 





Each number represents the mg. of citric acid production per 3 day 
period for four periods (*); for nine periods (f); for six periods (}); for 
three periods (§). The numbers in parentheses represent the averages 
for the indicated number of rats. 
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There was no evidence to indicate that the differences in citric 
acid production could be ascribed to deleterious effects from the 
“unbalanced diets’ to which the rats were restricted. Food 
consumption, growth, and a general appearance of well being in- 
dicated a good nutritive state for all the animals. The average 
caloric intakes of the groups of animals on the various diets can- 
not be correlated with the average citric acid production. With 
Rats 1 to 12, for example, while the animals on the high protein 
diet did have the least intake of energy, 41 calories per day, the 
corresponding values for those on the standard, carbohydrate, and 
fat diets were 68, 56, and 85 calories per day, respectively. 


DISCUSSION 


The type of experiment used in this work is undoubtedly com- 
plicated by factors such as the formation of the same metabolic 
degradation products from both carbohydrate and protein and to a 
lesser extent from fat, and by the acid-base effects of the foods 
themselves. Nevertheless, it is evident from the data obtained 
that rats receiving a predominant proportion of their energy re- 
quirements from dextrin or fat excrete a much larger quantity 
of citric acid than they do when lactalbumin supplies this need. 

In a discussion of the significance of these observations, a con- 
sideration of results obtained by the injection of certain known 
metabolites is pertinent. Following the injection into dogs of the 
sodium salts of malic, fumaric, maleic, succinic, and malonic acids, 
Orten and Smith (1937) found that the amount of citric acid ex- 
creted in the urine far exceeded that eliminated following the in- 
jection of equivalent quantities of sodium as the bicarbonate. 
Krebs, Salvin, and Johnson (1938) observed the same effect in 
rabbits and rats upon the injection of sodium succinate, fumarate, 
malate, and oxalacetate. Simola and Kosunen (1938) extended 
the list of such substances to include pyruvate, pyruvic acid aldol, 
a-ketoglutarate, and glutarate. It would seem from the fact 
that some of these definitely recognized precursors of citric acid 
are also known metabolites of either carbohydrates, fats, or pro- 
teins, that each of these foodstuffs should correspondingly be cap- 
able of ultimately giving rise to citric acid. In the case of carbo- 
hydrate and fat this is apparently true under the conditions of the 
experiments described in this paper, while protein (lactalbumin) 
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at most gives rise to very little citric acid. With normal diets 
it is therefore believed that the citric acid elaborated is derived 
from metabolic products of fats and carbohydrates rather than of 
proteins. 

The ability of the foodstuffs to give rise to citric acid appears 
to be independent of their acid- or base-producing réle. This is 
indicated by the lack of difference in the pH of the urines. Fur- 
ther evidence will be offered in support of this belief in a subse- 
quent paper in which data will be presented to show that an 
isocaloric exchange of different carbohydrates alone has a pro- 
nounced effect on citric acid production. 

From the present data computation of the citric acid balance 
for a single animal suffices to demonstrate that the animal or- 
ganism is capable of synthesizing this compound. For example, 
during the 18 days Rat 21 was observed, it excreted 427 mg. more 
citric acid than was ingested. Unless synthesis is possible, it 
would have been necessary for the body of this animal to have had 
an average initial citric acid content of over 200 mg. per cent, since 
the rat’s weight at the start was 194 gm. The experimental 
evidence thus far available makes the latter possibility appear 
improbable. 


SUMMARY 


Definite evidence that the white rat has the ability to syn- 
thesize citric acid has been obtained from balance studies. 

Adequate diets containing a major portion of the energy either 
in the form of carbohydrate or fat are more conducive to the 
formation of endogenous citric acid than are those composed 
chiefly of protein. 
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In a previous communication it was reported that under certain 
dietary conditions, depending on the source of the vitamin B com- 
plex, homocystine was incapable of replacing methionine for the 
support of growth of animals on a cystine-methionine-free diet (1), 
a finding which was corroborated by Rose and Rice (2). On the 
other hand we were able to confirm their observation that with 
tikitiki and milk vitamin concentrate as the source of the B com- 
plex, homocystine could support suboptimal growth (1,2). From 
these studies it was inferred that some unknown factor was neces- 
sary for the methylation of homocystine (homocysteine), and 
work toward the isolation of the factor was undertaken. 

In the previous investigation, it was noted that the livers of the 
animals appeared yellowish at autopsy, and histological examina- 
tion yielded findings indicative of fatty infiltration of the liver (1). 
The diet employed contained 31 per cent fat and since choline was 
known to inhibit fatty infiltration of the liver of animals on a high 
fat diet a suspicion arose that the diet employed might possibly be 
deficient in choline. 

As a preliminary step to embarking on the isolation of the 
unknown factor, the previous work was once again repeated. 
The amino acid diet, patterned after that of Rose, was again em- 
ployed. It was also supplemented by the vitamin B mixture we 
had previously used; namely, thiamine chloride, riboflavin, 
nicotinic acid, and small amounts of ryzamin-B. It was under 


* A preliminary report of this work was presented before the meeting of 
the American Society of Biological Chemists at Toronto, April 26-29, 1939. 
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these conditions that homocystine had been found incapable of 
replacing methionine, whereas when tikitiki or milk vitamin con- 
centrate was employed as the source of the vitamin B complex, 
growth with homocystine had been obtained. 

The previous findings with this diet were fully confirmed. The 
animals on the basal diet lost weight rapidly. When methionine 
was given, growth promptly resulted; but when homocystine was 
fed in place of methionine, the animals failed to grow. 

In order to see what effect choline might have, it was admin- 
istered to one of the animals receiving homocystine. Choline 
was also given to one of the animals which was receiving methio- 
nine. The animal which had been given choline chloride and 
homocystine started to grow immediately and at a rate as rapid 
as that of the animals which had been given methionine. The 
result definitely pointed toward the possibility that choline might 
be the unknown factor in tikitiki and milk vitamin concentrate 
for which we were searching. Other animals in the litter were 
then given choline and in every instance when choline was supplied 
in sufficient amounts, the animals were able to grow with homo- 
cystine in place of methionine. Further experiments with subse- 
quent litters amply confirmed these findings, as will be detailed 
in the experimental part. Experiments with compounds related 
in structure to choline were also undertaken. 

That choline was at least in part responsible for the ability of 
tikitiki and milk vitamin concentrate to enable the animal to 
utilize homocystine in place of methionine, we have been able 
to show by actual isolation of choline from these sources. 


EXPERIMENTAL 


Preliminary Growth Studies—The first litter used in the present 
work consisted of twelve rats. Ten of the animals were placed 
for a preliminary period on the cystine-methionine-free diet, 
which was described in the previous communication (1), and two 
of the animals were put on a diet in which the amino acids were 
replaced by an equivalent amount of casein. 

The cystine-methionine-free diet had the following composition: 
amino acid mixture (Table I) 23.6, dextrin 24.4, sucrose 15.0, salt 
mixture (Osborne and Mendel (3)) 4.0, agar 2.0, lard 26.0, cod 
liver oil 5.0. The vitamin B complex was supplied by two pills 
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daily, each having the following composition: thiamine chloride 
10 micrograms, riboflavin 10 micrograms, nicotinic acid 10 micro- 
grams, ryzamin-B 12.5 mg., and dextrin 150 mg. 

Of the animals in Litter I, the two casein-fed animals, Rats 6 
and 12, showed good growth, while those on the basal diet lost. 
weight rapidly. After 8 days three of the rats on the basal diet, 
Rats 4, 8, and 11, were given methionine at a level of 1.4 per cent, 
and the remaining seven were given homocystine at the equi- 
molecular level of 1.25 per cent. One of the methionine-fed 
animals, Rat 4, and one of the homocystine-fed animals, Rat 7, 
were also given 50 mg. per day of choline chloride. All three on 

















TaBLe | 
Composition of Amino Acid Mixture 

Final | Final 

Fim ae 
Glycine... 0.1 | dl-Serine..... 0.2 
dl-Alanine ds asin 0.4 | U(—)-Tyrosine. . 1.0 
dl-Valine.... : set Gee 2.0 | l(—)-Histidine-HC1-H,0.. 0.7 
dl-Leucine. ota 2.6 | l(+)-Arginine-HCl........ 0.6 
dl-Isoleucine.. 1.8 | dl-Lysine-2HCl...... 4.5 
l(—)-Proline 0.2 | U(—)-Tryptophane.... 0.4 
l(—)-Hydroxyproline. . 0.1 | dl-Threonine........ ; | 1.4 
dl-Phenylalanine 1.5 | Sodium bicarbonate... 3.9 
l(+-)-Glutamie acid 2.0 
l(—)-Aspartic ‘“ 0.2 a ail (23.6 











methionine grew well, those on homocystine alone lost or remained 
at about the same weight, while Rat 7, to which both homocystine 
and choline chloride had been given, gained weight as rapidly as 
those which had received methionine. Rat 3, which had been on 
homocystine, was, therefore, given choline chloride. This 
animal likewise showed a prompt gain in weight. Then, in order 
to see whether choline chloride alone might be effective, Rat 9, 
which had been receiving homocystine for a short period, was 
transferred to the basal diet, and after 8 days, during which time 
the animal lost weight, choline chloride was given. The rat con- 
tinued to lose weight. To see what a trace of methionine might 
produce, Rat 10 was given homocystine plus 1 mg. of methionine. 
The decline in weight stopped, but no significant gain resulted. 
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After 9 days on this diet, Rat 10 was given cystine alone as a 
sulfur supplement for 9 days, during which time it lost weight. 
Choline chloride was added without producing a gain. Thus it 
appeared that choline was effective in producing a gain when 
homocystine was present, but not by itself nor with cystine. 

In the previous communication (1) it was shown that homo- 
cysteine as well as homocystine failed to promote growth on the 
cystine-methionine-free diet. To test this further, homocysteine 
was substituted for the homocystine in the diet of Rat 5. The 
animal still continued to lose weight. 

During the course of the experimental work with Litter I a 
number of the animals were used for exploratory work on com- 
pounds related to choline, or containing methyl groups. Various 
compounds were employed, such as betaine chloride, sarcosine, 
8-alanine, ephedrine, triethylhydroxyethylammonium chloride 
(triethylcholine chloride), methanol, ethyl-8-methylcholine, ergo- 
thioneine, and creatinine. Of these, only betaine chloride proved 
effective. Some have been more thoroughly tested in other 
litters, such as triethylcholine chloride, creatinine, and the betaine 
chloride, while others such as §-alanine, ephedrine, methanol, 
ethyl-6-methylcholine, and ergothioneine were used only with 
Litter I. Of the latter group only methanol was fed for a suffi- 
cient duration of time to warrant even a tentative conclusion. 
The others still need additional experimentation for adequate 
confirmation. 

Of Litter I, Rats 2, 4, 5, 6, 7, 8, and 11 were allowed to continue 
on the original diets with few exceptions, as noted in Table II. 
The growth curves of this group are given in Fig. 1. Rats 4 and 
11, which were fed methionine, and Rat 6, on the casein diet, 
continued to grow. Rat 7, which had been receiving both choline 
chloride and homocystine, also continued to grow. The weight 
changes of the rest of the group of animals which had been used 
for exploratory work on other compounds are presented in Table 
II along with the food consumption of the entire litter. 

It is to be noted that when Rat 10, which had been on homo- 
cystine plus choline for 8 days, was placed on the basal diet plus 
homocystine without choline, it continued to grow at a very slow 
rate, and finally leveled off in its growth rate. This has recurred 
from time to time in later litters with occasional animals, and will 
be considered more fully later. 
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Taste Il 
Growth Changes and Food Consumption of Litter I 














Aver- | 
Rat | | dat = 
ja | Days Supplement to basal diet f daily 
| con- : 
= | | sump- = 
| tion | Weight 
Peis om. | om 
1 @# | 1- 9 1.25% homocystine 4.7) 0.0 
| 9-23) 1.25% o + 25 mg. choline chloride | 5.0 |+1.2 
'23-31| 1.25% 4a" 4 “ 5.5 |+0.2 
31-44) 1.25% “ 4.1 |4+0.3 
44-69) 1.25% " + 50 mg. creatinine 4.3 |-0.2 
2 9 | 1-17) 1.25% 4: 2.9 |-0.5 
117-57) 1.25% - + 5 mg. choline chloride 4.7 |+1.2 
3 9 | 1- 4 1.25% - 3.0 |—0.7 
| 4-17) 1.25% - + 50 mg. choline chloride 4.3 |+1.3 
17-25) 1.25% ee 3.1 |-1.5 
125-29) 1.25% “ + 10 mg. ephedrine 4.2 |+0.2 
'29-37| 1.25% 7 +10 * = (in- 3.4 |—0.4 
jected) 
'37-39| 1.25% homocystine | 3.7 |—0.5 
39-41) 1.25% “ + 10 mg. triethyleholine | 4.0 |—1.0 
| chloride 
41-48 1.25% homocystine + 20 mg. triethyleholine | 2.7 |+0.1 
chloride 
48-65) 1.25% homocystine + 40 mg. methanol 3.7 |+0.2 
4 9 | 1-57| 14% methionine + 530 “ choline chloride 5.1 |+1.0 
5 co | 1-38) 1.25% homocystine 3.6 |-—0.1 
38-48) Homocysteine, 60 mg. daily 3.5 |—0.3 
48-65) 1.25% homocystine 3.0 |—0.6 
6 o& | 1-67) Casein | 5.9 |+1.1 
7 o& | 1-57) 1.25% homocystine + 50 mg. choline chloride | 5.7 +1.1 
8 9 | 1-57) 1.4% methionine 63 +0.8 
9 @ | 1- 9 1.25% homocystine + 5 mg. 8-alanine } 4.1 |-0.1 
9-17) | 4.0 |-0.9 
(17-23, 25 mg. choline chloride | 4.5 |-0.5 
23-25) 1.25% homocystine + 5 mg. betaine chloride 3.0 | 0.0 
25-39 1.25% “ +25 “ ‘“ “a 3.8 +1.1 
a-44) 1.25% - 3.1 |-1.2 
44-56 1.25% “ + 50 mg. sarcosine 3.0 |—0.8 
56-73 1.25% 2 + 25 “ betaine chloride 3.8 |+0.6 
10 @ | 1- 9 1.25% . + 1 “ methionine 4.6 |+0.2 
9-18, 1.13% cystine 4.2 |—0.6 
18-31 1.138% ‘“* + 25 mg. choline chloride 2.6) 0.0 

















‘ 
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TaBLe II—Concluded 








Avet-| aver 

Rat | Bee | age 
~ Days Supplement to basal diet tod ily, 
a comp weight 

tion 
| gm. | gm. 
10 o@ |31-34! 1.13% cystine + 1.25% homocystine + 25 mg. | 6.0 |+3.7 
choline chloride 

34-39; 1.25% homocystine + 25 mg. choline chloride | 3.6 |+1.2 
39-97| 1.25% " | 4.8 |+0.4 

1 9 | 1-57) 1.4% methionine 5.3 |+1.2 
1-18} Casein | 6.0 |4+2.5 

18-30 | 3.3 -2.3 
30-32) 1.25% homocystine | 3.3 |-—0.5 
32-34! 1.25% “ + 5 mg. ergothioneine 3.3 |—2.5 
34-39) 1.25% “ +10 “ “ 3.5| 0.0 
39-44| 1.25% a 2.1 |-1.2 
44-75 1.25% ~y + 40 mg. methanol 3.0 | 0.0 





A second litter was placed on a diet like that used for Litter I. 
Although the results in general corroborated those of Litter I, 
they were sufficiently lacking in uniformity to warrant a thorough 
investigation of the diet and the experimental conditions. Some 
choline was present in the diet, as we shall discuss later, and we 
therefore set about to devise a diet as free of choline as possible. 

Owing to unavoidable circumstances the two litters, Nos. I 
and II, were from different stock. Litter I was from the same 
stock which had been used in the previously mentioned investiga- 
tion (1), and was from a highly inbred colony which had originally 
come from the colony of Professor Rose at the University of 
Illinois. Litter I] was a cross between this stock and Wistar 
stock. We record this as there may possibly be a variation in the 
ability of different strains of rats to utilize minimal amounts of 
choline, or in the extent to which refection may occur, or in the 
tendency towards indulging in coprophagy. It will be recalled, 
however, that even in Litter I Rat 10 grew somewhat after 
removal of choline from the diet. 

, The data of Litter II are not presented in detail, since the 
results served merely to bring about a considerable revision in the 
dietary régime, and led to the elaboration of a diet which we feel 
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is superior for studies in choline metabolism in relation to homo- 























































cystine. 
T 
(156) 
NUMBER AND SEX OF RAT SHOWN 
ON EXTREME LEFT. THE NUMBERS 
IN PARENTHESES DENOTE THE | 
INITIAL AND FINAL WEIGHTS OF + 
THE RATS. ARROWS INDICATE 
THE POINTS OF CHANGE, (131) 
123 
132 
{33 
r 60" (103) (se) —— 
49 (75) 
119) 
89 (67) | 
20 DAYS > 
11g (65)_ 
ij 
7 (87) a 
2¢ (79) & 
} 
5" (82) 
HOMO 
CYSTEINE =, 
Biter. 

















Fie. 1 


Choline Content of Vitamin Supplements—The results which we 
had obtained with choline strongly suggested that this substance 
may have been present in tikitiki and milk vitamin concentrate. 
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We therefore set about to test for the presence of choline in these 
supplements. Pharmacological assay of the acetylated material 
by the determination of depressor activity on cats, with acetyl- 
choline as the standard, gave a rough estimate of 1 to 2 per cent 
choline in both tikitiki and milk vitamin concentrate. To demon- 
strate the presence of choline beyond question, the choline was 
actually isolated from these materials. This was accomplished by 
precipitating the choline as the reineckate. The reineckate was 
decomposed with silver sulfate and the choline identified as the 
characteristic gold chloride salt. By isolation approximately 1 
per cent choline was found in tikitiki and 2 per cent in milk 
vitamin concentrate. It may be recalled that the presence of 
choline had been previously noted in rice polishings; in fact, 
Funk had isolated choline in his original search for vitamin B (4). 

Since tikitiki was found to contain choline, it was reasonable to 
suspect that ryzamin-B, which is likewise a rice polishings extract, 
might also contain this substance. The results with our second 
litter had also led us to this suspicion. 

The presence of 1.4 per cent choline in the ryzamin-B was 
found by isolation. From these results it was clear that the 
ryzamin-B in our vitamin B mixture supplied the animal with 
0.35 mg. of choline per day, whereas the combination of 100 mg. 
of tikitiki and 150 mg. of milk vitamin concentrate had supplied 
the animal with about 3.5 mg. of choline per day, approximately 
10 times as much. The actual amounts must be somewhat 
higher, since these figures are based on isolation, and the data 
therefore can only be regarded as relative. In comparing the 
effect of the supplements in enabling homocystine to replace 
methionine, one must bear in mind the presence of betaine in the 
supplements. Its presence was ascertained in all of the supple- 
ments but no quantitative data were obtained. 

Preparation of Modified Ryzamin-B—For further metabolic 
studies on the choline-homocystine relationship, it was desirable 
to have a supplement containing the necessary B factors as free 
of choline as possible. It was therefore decided to try to free the 
ryzamin-B of choline by precipitating the latter as the reineckate 
and removing the excess Reinecke acid with pyridine as the quite 
insoluble pyridine reineckate which has been utilized by Bergmann 
(5) for decomposing various reineckates. This was accomplished 
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Tasie Ill 
Food Consumption of Litters il, IV, Y, and vi 


Supplement to basal diet 





0.62% homocystine + 10 mg. trimethylamine 


+ 25 mg. choline chloride 


+ 20 


oe 


triethylcholine 


0.62% homocystine + 10 mg. methylamine 


0.62% homocystine + 10 mg. 


+ 25 


+ 5O mg. 


+ 5O 


+ 100 * 
10 * 
+ 2%“ 


— 


+ 10 mg. 


+ 10 


o“ 


oe 


choline chloride 


“ “e 


caffeine 
choline chloride 
creatinine 


choline chloride 


ethanolamine 
choline chloride 


0.62% homocystine + 25 mg. choline chloride 


0.62% homocystine + 25 mg. choline chloride 
+50 “ 
+ 25 “ 


+ DO 
+ 50 


ae 


“ oc 


+ 50 mg. choline chloride 


+ 20 mg. methionine 


0.62% homocystine + 50 mg. choline chloride 
— 50 “ce 


Litter No., | 
rat No. | Days 
and sex | | 
111,30 9 | 1 8 
| hydrochloride 
lis- 32| 0.62% homocystine 
32- 40! 0.62% as 
111,31 @ | 1- 25 0.62% “ 
chloride 
111,32 9 1- 14 
hydrochloride 
\14— 25 
25- 32) 0.62% es 
32- 40) 0.62% “ 
111,33 @ | 1- 17; 0.62% ” 
/17- 24 0.62% = 
111,34 9 | 1- 8 0.62% 
8- 25) 0.62% * 
25- 32) 0.62% “ 
32- 40) 0.62% - 
111,35 @ | 1- 15) 0.62% = 
15- 25) 0.62% “ 
(no ryzamin-B) 
\25- 40 
(no ryzamin-B) 
IV,36 9 | 1- 4 
| 4- 96) 0.62% " 
IV ,37 #7 | 1- 4 0.62% ? 
4- 11} 0.62% “ 
11-100) 1.25% “ 
IV,38 # | 1l- 11) 0.62% sh 
11-100] 1.25% “ 
IV ,39 2 | 1- 16) 0.62% ” 
16-100) 1.25% “ 
IV ,40 9 | 1-100) 0.62% - 
IV,41 9 | 1- 39) 0.7% methionine 
39- 81| 0.7% _ 
81-109) 0.7% " 
V,57 07 | 1- 4 
4— 28) 1.25% - 


“ce “ec 
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TaBLe III—Concluded 














Aver- 

Litter No., dail 
rat No., Days Supplement to basal diet food 

and sex con- 

sump- 

| tion 

gm. 

V,58 @ | 1- 4 0.62% homocystine + 50 mg. choline chloride 5.3 

4- 28 1.25% “a _ 50 ae se “cc | 4.6 

V,59 9 | 1- 4/ 0.62% ” +50 * a = | 4.8 

4— 28) 1.25% > +50 “ of = | 4.1 

V,60 7 | 1- 4) 0.62% * 5.0 

4— 16) 1.25% _ | 3.7 

16— 31) 1.25% = + 50 mg. choline chloride | 4.4 

V,61 9 | 1- 4 0.62% = | 4.2 

4~— 16) 1.25% " | 3.8 

16- 31) 1.25% - + 50 mg. betaine chloride | 2.9 

V,62 9 | 1- 4| 0.62% “ 4.5 

4- 31) 1.25% o 3.0 

V,64 @ | 1- 8} 0.7% methionine | 5.3 

8- 32| 1.4% “ | 4.1 

VI,65 9 | 1- 28) 1.25% homocystine + 5 mg. choline chloride | 4.3 
VI,66 2 | 1- 28) 1.25% sia +10 “ ° oe | 4.0 
V1I,67 9 | 1- 28) 1.25% “ +5 “ ¥ os 4.7 
VI,68 9 | 1- 7) 1.25% * | 1.7 
VI,70 & | 1- 16) 1.25% “ 4.7 
16— 28) 1.25% = + 100 mg. betaine chloride | 4.3 

VI,71 2 | 1- 11) 1.4% methionine | 3.7 
ll— 33) 14% _ + 20 mg. methionine 4.6 








as follows: 10 gm. of ryzamin-B were dissolved in 20 ce. of water 
and 40 cc. of saturated ammonium reineckate solution (15 mg. 
per cc.) were added. The mixture was allowed to stand over- 
night in the ice box. The following day | cc. of saturated ammo- 
nium reineckate was added but no further visible precipitation 
resulted. The material was centrifuged and a clear red super- 
natant liquid was obtained. Pyridine was carefully added to the 
liquid as long as precipitation of pyridine reineckate occurred. 
The solution was then permitted to stand in the ice box overnight, 
and centrifuged the following day. The supernatant liquid was 
a light yellowish brown solution. It was concentrated in vacuo 
at room temperature to a weight of 10 gm. and in appearance and 
taste it resembled the original ryzamin-B syrup. 
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This modified ryzamin-B was found to support growth with 
our basal diet plus homocystine and choline. The modified 
ryzamin-B was used first with Litter III, which was being utilized 
for the testing of creatinine, ethanolamine, methylamine, tri- 
methylamine, triethylcholine, and caffeine, as shown in Fig. 2 
and Table III. None of these compounds enabled the animals 
to grow on the basal diet plus homocystine, whereas whenever 
choline was given along with homocystine growth promptly 
ensued. The replacement of ryzamin-B with the modified 
ryzamin-B did not hinder the growth of the animals which were 
growing with the homocystine plus choline. 

Although growth did result with the modified ryzamin-B, it was 
felt that it would be well to test it for its curative action with 
vitamin B,-deficient rats. In the amount used in the growth 
studies the modified ryzamin-B retained enough vitamin Bs to 
produce a curative action." 

Further Growth Studies with Choline with the Modified Ryzamin-B 
—In a further attempt to eliminate from the diet traces of choline 
and lecithin, which we have proved to be effective, corn oil 
(Mazola) and concentrates of vitamins A and D were used in 
place of the lard and cod liver oil respectively. The corn oil was 
used because of the reports of its low choline content (6). The 
concentrates were halibut liver oil containing 90,000 v.s.p. units 
per gm. (S. B. Penick and Company), and irradiated ergosterol.’ 
The diet described earlier in the paper was modified by substitut- 
ing 30 per cent corn oil for the 26 per cent lard and 5 per cent cod 
liver oil. Enough of the concentrates was added to the corn oil 
in the diet to give approximately 200 v.s.p. units of vitamin A 
and 20 u.s.p. units of vitamin D per rat perday. In an attempt to 
decrease coprophagy, these litters, in contrast to Litters I to III, 
were housed in raised cages with 4} inch mesh screen flooring. 


! We wish to thank Dr. Bernard L. Oser of the Food Research Laborato- 
ries, Inc., for testing the curative action of the material on the vitamin Bs 
deficiency syndrome. 

? We would like to take this opportunity to express our appreciation to 
Dr. J. Waddell of E. I. du Pont de Nemours and Company, Inc., for a supply 
of this material. 

3 We have noted that in spite of raised cages the animals indulge to a 
varying degree in coprophagy by grasping the pellet in their teeth as it 
emerges. 











This regimen was used with Litters IV, V, and VI with the excep- 
tion that with Litter V lard was used in place of the corn oil. 
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ON EXTREME LEFT. 


NUMBER AND SEX OF RAT SHOWN 


THE NUMBERS 


IN PARENTHESES DENOTE THE 
INITIAL AND FINAL WEIGHTS OF 


THE RATS. ARROWS INDICATE 


THE POINTS OF CHANGE. 














34Q (78) 





35 o* (96) 





32 g (85) 





31 0 (101) 


gq (89) 











(89) 





(104) 

















33 of (96) 




















(83) 























Fic. 2. MR indicates the substitution of modified ryzamin-B for ryza- 
min-B in the vitamin supplement while — R indicates complete absence of 
ryzamin-B from the supplement. 
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The growth curves of these litters are given in Figs. 3, 4, and 5, 
and the food consumption in Table III. The diets and supple- 





| (130) 











NUMBER AND SEX OF RAT SHOWN 
ON EXTREME LEFT. THE NUMBERS 
IN PARENTHESES DENOTE THE 
INITIAL AND FINAL WEIGHTS OF 
THE RATS. ARROWS INDICATE 
THE POINTS OF CHANGE. 


(163) 























f4ig9 (7) 


(130) 








37" (89) 


369 (77) 














39.9 (87) (104) 











38 co (94) 


40¢ (81) 


























Fic. 3. A denotes 0.62 per cent homocystine + 25 mg. of choline chloride, 
B denotes 0.62 per cent homocystine + 50 mg. of choline chloride, and C 
denotes 0.62 per cent homocystine. 


ments administered and other conditions of the experiments are 
indicated in these sources and need no special discussion except 
to point out that growth with homocystine and choline was 
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better at a level of 1.25 per cent homocystine than at 0.625 per 
cent. 





NUMBER AND SEX OF RAT SHOWN 
ON EXTREME LEFT. THE NUMBERS 
IN PARENTHESES DENOTE THE 
INITIAL AND FINAL WEIGHTS OF 
THE RATS. ARROWS INDICATE 
THE POINTS OF CHANGE. 


















58 ¢ (80) 








57 & (77) 


64 0 (79) 
59 ? (67) 
61 ¢ (63) 








60 ¢ (82) _| 





*—~10 DAYS» 








62 9 (61) 


—10 WwW. 














(52) 














Fia. 4 


Observations on Fat Content of Livers—In the previous investiga- 
tion (1) it was noted in routine autopsy that the livers of the 
animals which had been on our basal diet plus homocystine 
appeared yellowish and enlarged upon gross examination. Histo- 
logical examination led to a diagnosis of fatty infiltration of the 




















du Vigneaud, Chandler, Moyer, Keppel 71 






































NUMBER AND SEX OF RAT SHOWN (98) 
ON EXTREME LEFT. THE NUMBERS om 
IN PARENTHESES DENOTE THE 
INITIAL AND FINAL WEIGHTS OF = [— 
THE RATS. ARROWS INDICATE 
THE POINTS OF CHANGE. 
71g (65) +10 DAYS — 
J 
3 
6&7 9 (72) g 
@5 9 (73) | | 
N 
66 ¢ (73) PS goccrstine + 10 M6, OD 
(92) 








70 & (85) 





68 9 (72) 























+ (46) 























Fic. 5. Rat 68 upon autopsy showed extremely hemorrhagic kidneys 
and blood in the ureters and bladder. The dagger indicates death. 
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livers, but analyses for fat had not been carried out. In the 
present investigation, it was therefore decided to analyze the 
livers of some of the animals for fat. The livers of a considerable 
number of the rats in Litters I, IV, V, and VI which had been on 
a given diet for a sufficiently long period of time were analyzed 
for fat according to the directions of Best, Channon, and Ridout 
(7). The results are presented in Table IV. 


Tasie IV 
Liver Fat Analyses 


Litter No., rat No., Supplement to basal diet — | Liver 











and sex at | weight 

‘per cent gm. 

149 | Methionine | 6.7| 4.2 

1,89 es | 4.4] 3.3 

Lue | “ | 4.1] 3.0 

IV.41 9 | “ | 5.4| 3.0 
Vier | ee | 6.1) 3.8 
VI,71 9 | os | 4.1 | 2.7 
Lig Homocystine 21.8 | 7.6 

Le | as | 23.4 | 6.7 

IV,38c7 | a 24.0 | 7.3 
V,62 9° =| a 19.1 | 3.0 
1,29 “Ye + 5 mg. choline chloride | 17.4! 5.1 

VI,65 9 | “ + § “ es “ | 21.1 | 4.2 
VI,66 9° | ee +10 “ “ “ | 9.8] 2.9 
IL7o2 +50 “ es | 3.8] 5.3 

IV ,36 9° “3 +50 “ ” | 4.3] 2.7 
IV ,37 & - +50 “ ’ r | 5.9] 4.1 
IV,39 9 es +50 ‘ 7 a | 4.9| 3.4 
V57 ¢ ne +50 “ x” * | 6.1) 3.3 
V,58 0 “ +50 “ a * | 7.2] 3.5 
V,59 9 as +50 “ oe | 6.1) 3.2 
Veg | “ +50 “ ; | 6.7 | 3.6 
VI,67 9 a +50 “ ” ‘4 5.6 | 3.6 

DISCUSSION 


The experimental work reported in the present investigation 
shows an unquestionable effect of choline upon the growth of the 
white rat kept on a cystine-methionine-free diet supplemented 
with homocystine. From these experimental results and from 
data previously discussed (1), the logical deduction is that homo- 
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cystine can, under certain dietary conditions, be transformed in 
the animal body into methionine. 

Much evidence has already accumulated, as we have previously 
emphasized (1), that there is considerable basis for believing that 
methionine is transformed to homocystine in the animal body and, 
in fact, homocysteine has been suggested as an intermediate in 
the catabolism of methionine (8, 9). It now appears that some 
substance, either choline or a closely related compound, must be 
furnished in the diet, for the reversal of this reaction. Evidence 
has also accumulated that homocystine can be transformed into 
cystine, but no evidence has been brought forth to indicate that 
this reaction can be reversed. Homocystine is thus placed in a 
central position in the metabolic relationship of methionine and 
cystine in the body. 

How choline brings about the methylation of homocysteine in 
vivo, whether its action is a direct one, either as a coenzyme or as 
a methylating agent, or whether it is an indirect one, remains to 
be settled. An attractive working hypothesis is that choline 
enables the body to methylate the sulfhydryl group of homo- 
cysteine by furnishing the required methyl group for this reaction. 
It would be premature to speculate whether it may furnish one or 
more methyl groups. Experiments with mono- and dimethyl- 
aminoethanol must be performed to effect a decision on this 
question. In this connection, it must be borne in mind that 
choline itself may be only the precursor of the active agent. It 
might be recalled that betaine is effective, although our tendency 
at the moment is to regard betaine as a precursor of choline. A 
compound that will bear inspection is phosphocholine. The 
activating influence that the phosphate radical has on other com- 
pounds makes it not too improbable that phosphate might in- 
erease the lability of the methyl groups of choline. 

The ability of choline to bring about the methylation of homo- 
cysteine in the body, and the possibility that this may be a direct 
transfer of a methyl group from choline to homocystine gives rise 
to the thought that perhaps the process may be reversible. In 
other words, may it not be possible that methionine as a constitu- 
ent of the diet may be a precursor of choline in so far as the methyl 
groups are concerned? Such a hypothesis would offer a reason- 
able explanation of the observations that have been made regard- 
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ing the effect of choline, methionine, and homocystine on fatty 
infiltration of the liver. 

Tucker and Eckstein (10) have shown that methionine, like 
choline, is capable of preventing the fatty infiltration that is 
brought about by a high fat, choline-deficient diet. This has 
been amply confirmed (11-13). In addition, Channon, Manifold, 
and Platt (13), in an extensive study of other sulfur compounds 
on fat deposition in the rat, announced that in the one experi- 
ment carried out with homocystine, the latter showed a tendency 
to resemble cystine in its action. Furthermore, Singal and 
Eckstein (14) have presented detailed studies with the mouse 
showing unmistakably that homocystine, unlike methionine, is 
not lipotropic. Our own determinations on the fat content of 
the livers of some of the experimental animals, carried out inci- 
dental to our growth studies, confirm the work of Singal and 
Eckstein and Channon et al. 

The striking difference in lipotropic activity between homo- 
cystine and methionine suggests that the effect of methionine 
may be due to the presence of a methyl group which can be 
regarded as labile. If one of the functions of this methyl group 
is to make possible the synthesis of choline by the body, the lipo- 
tropic efficacy of methionine and the lack of lipotropic activity 
on the part of homocystine become evident. What would be 
otherwise a perplexing similarity of action on the part of two 
apparently totally unrelated compounds would, according to this 
hypothesis, become readily understandable. The problem of 
how choline produces its lipotropic effect still remains to be 
solved, a question with which this paper is not concerned. 

The lipotropic action of certain proteins has been attributed 
on the basis of work already quoted to their methionine content 
but Best and Ridout (12) have reported that under certain experi- 
mental conditions an increase in the dose of methionine failed to 
produce the expected further decrease in liver fat. The present 
hypothesis of the action of methionine offers a possible explana- 
tion of this effect obtained by Best and Ridout. It is conceivable 
that although increasing dosage of methionine may afford suffi- 
cient methyl groups, an insufficient supply of the aminoethanol 
moiety might not be available on certain diets. It will be inter- 
esting to study the effect of other amino acids on the efficiency of 
methionine from this standpoint. 
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The evidence indicates that the effect of choline in enabling the 
animal to utilize homocystine is not due to its effect on fatty 
infiltration of the liver. This is shown by the failure of tri- 
ethylcholine to enable the animals to grow with homocystine, 
whereas investigations on the effect of this compound on liver 
fat have demonstrated that this derivative is a lipotropic agent 
(15). 

We would like to call attention to the occasional animal which 
we have encountered which has been capable of showing some 
growth on the homocystine diet without added choline. This 
was particularly encountered with Litter II on the ryzamin-B 
diet, but it will be noted that Rat 38 of Litter IV on the modified 
diet also was able to grow slowly without added choline. It 
appears to us that the explanation of this behavior probably lies 
in the phenomenon of refection, or else certain factors are operat- 
ing of which we are not as yet cognizant. In this connection it 
might not be amiss to point out, as King (16) has done, that 
choline may well be considered a member of the vitamin B com- 
plex. It is well known that refection has often caused difficulties 
in the assay of various members of the vitamin B complex. This 
is particularly well known in the case of thiamine. More recently, 
Dann (17) has related disturbing experiences in attempting to 
produce vitamin Be deficiencies in certain rats and has suggested 
that refection might be responsible. We are undertaking various 
methods of approach to obtain evidence to bear on this aspect 
of the choline question as well as to elucidate various phases of 
the choline-homocystine-methionine interrelationship and the 
significance of this in the general problem of methylation in the 
animal body. 


SUMMARY 


It has been demonstrated that the administration of choline 
enables the rat to utilize homocystine for growth purposes in lieu 
of methionine. It has therefore been suggested that choline 
makes possible the in vivo methylation of homocysteine to methio- 
nine. The significance of this finding in the metabolic inter- 
relationship of methionine and choline has been discussed. , 

Preliminary studies of various other related compounds and 
other methyl derivatives have also been made. 
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It has been found that betaine has a similar behavior to choline 
permitting growth on a diet with homocystine as the sole 
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The importance of nicotinic acid as an essential nutrient for 
several different animals as well as microorganisms has stimulated 
attempts to acquire more information concerning its function in 
the living organism. The most obvious approach to this problem 
is a study of the physiological relationship between nicotinic 
acid and the pyridine nucleotides (coenzymes I and II). Von 
Euler and coworkers have been particularly active in this field 
and have published several papers on the subject (1-3). We 
were especially interested in extending similar studies to the dog 
and pig, animals that are very sensitive to nicotinic acid deficiency. 
The coenzyme I changes in the various tissues were determined by 
the yeast fermentation method which has been so extensively 
employed by the von Euler group. The results from such studies 
will be reported in the following paper, but in this paper we wish 
to outline in detail the procedure that we used in order to facilitate 
the use of this method by other workers. Since pure coenzyme I 
has been made available to us through the kindness of Professor 
von Euler and Dr. Schlenk, we are able to report the absolute 
coenzyme I contents of a number of tissues from various species. 


Yeast Fermentation Method 


The method for the determination of coenzyme I, as developed 
by von Euler (4) and Myrbiick (5), is based upon the principle that 
the addition of varying amounts of coenzyme I to a washed yeast 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

Supported in part by grants from the Wisconsin Alumni Research 
Foundation. 
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preparation will produce rates of fermentation which are propor- 
tional, within certain limits, to the amount of coenzyme I added. 


Methods and Apparatus 


The rate of carbon dioxide evolution is measured in a Barcroft 
differential respirometer (6). Since no oxygen uptake is demon- 
strable, uncorrected readings are taken for carbon dioxide evolu- 
tion. A significant amount of carbon dioxide is not absorbed by 
the liquid medium at the low partial pressures of carbon dioxide 
developed. The fermentation is carried out with air in the gas 
space. The flasks are shaken at 100 to 120 oscillations per 
minute in a bath kept at 30°. After an equilibration period of 5 
minutes, the fermentation is allowed to proceed for 1 hour 
with readings taken every 10 minutes. The taps are momen- 
tarily opened when necessary. After an induction period of 10 
to 20 minutes, the rate of carbon dioxide evolution reaches a 
maximum which is maintained for 20 to 30 minutes. The rate 
then begins to decrease. The maximum rate of carbon dioxide 
evolution is proportional to the amount of coenzyme I present. 
Since the apozymase always contains traces of coenzyme I, it is 
necessary to determine the rate of carbon dioxide evolution in the 
absence of any added coenzyme I and to subtract this basal value 
from all subsequent readings. 

In Fig. 1 the maximum rates of carbon dioxide evolution (per 10 
minutes) are plotted against different levels of coenzyme I. The 
relationship is linear only up to a concentration of 20 micrograms 
of coenzyme I. We have found it most convenient to assay all 
tissue extracts at a level which gontains between 10 and 20 micro- 
grams of coenzyme I. The resulting carbon dioxide evolution is 
conveniently handled and only two points, 10 and 20 micrograms 
of coenzyme I, are necessary to establish the calibration curve. 
It should be emphasized that such calibration curves must be 
determined at very frequent intervals. The instability of the 
apozymase makes this a necessity. It is our practice to establish 
a calibration curve every day in which analyses are to be run. 
The amount of coenzyme I present in the extract is determined 
from the calibration curve. Duplicate samples can be checked 
to within 10 per cent. 

Apozymase—This term has been used by von Euler and Myr- 
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back to designate a washed yeast preparation which contains all 
of the enzymes necessary for the yeast fermentation except 
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Fic. 1. Relationship between varying amounts of coenzyme I and the 
maximum rates of fermentation (c.mm. of CO,). 


coenzyme I. In our experiments the apozymase is prepared from 
brewers’ yeast in the following manner. The filtered yeast is 
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spread out in shallow pans and dried for 3 hours at room 
temperature with the aid of afan. This dry yeast is stable for at 
least 6 months when stored in the refrigerator. 20 gm. of the dry 
yeast are washed with 800 ml. of distilled water at room tempera- 
ture for 30 minutes, the yeast centrifuged down, and the procedure 
repeated twice. The washed yeast is then spread on a glass plate 
and dried rapidly before a fan. The dried yeast is then washed 
three times as before and again dried before afan. The apozymase 
is finely ground and stored in the desiccator. Yields approximat- 
ing 10 gm. are obtained. This preparation usually keeps its 
potency for about 2 weeks. Occasional losses in activity occur 
and different preparations may vary in their potency. We have 
found it convenient to prepare fresh batches of apozymase weekly. 

The rate of fermentation is a function of the amount of apozy- 
mase used. The system, under our assay conditions, is saturated 
with respect to the enzymes involved at a level of 300 mg. of 
apozymase. However, 200 mg. of apozymase give a suitable 
carbon dioxide evolution and this amount is always placed in 
each flask after all other constituents have been added. 

Glucose—80 mg. of glucose contained in 0.2 cc. of buffer are 
added to each flask. Variations in the amount of glucose added 
have no effect upon fermentation. 

Magnesium and Manganese—The addition of both the mag- 
nesium and manganese ions is necessary in order to insure a maxi- 
mum fermentation rate. Of the two, the addition of the 
manganese ion has a greater effect and a slight supplementary 
response is noted when both magnesium and manganese are 
added. 100 micrograms of each ion are added as the chlorides. 

Hexosediphosphate—Sodium hexosediphosphate is prepared 
from the calcium salt! by treatment with the calculated amount of 
sodium oxalate. The solution is brought to pH 6.2 and made up 
to a concentration of 10 mg. of organic P per ml. Only traces of 
inorganic P are present. The rate of fermentation is a function 
of the amount of hexosediphosphate. Under our assay conditions, 
a& maximum rate is obtained in the presence of 4 mg. of organic 
P (equivalent to 22 mg. of sodium hexosediphosphate). 0.4 ml. 
of the hexosediphosphate solution is added to each flask. The 
solution is stored in the frozen state. 


! Obtained through the courtesy of Dr. J. J. Kuhn of the Winthrop 
Chemical Company, Inc. 
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Buffer—A 0.1 mM sodium and potassium phosphate buffer of pH 
6.2 is employed. A total of 0.8 ml. of buffer is added to each 
flask, making the final buffer concentration 0.04 m. It has been 
determined that this molarity is the optimum for our yeast. 
Small variations on either side of this concentration can cause 
very significant decreases in the rate of fermentation. Different 
types of yeast vary with respect to their optimum phosphate 
molarity, thus making it necessary to determine the optimum 
concentration for every type of yeast employed. 

The tissue e#{facts do not contain P in amounts large enough 
to affect the fermentation significantly. The optimum pH range 
for the dry yeast fermentation is 6.2 to 6.6, according to von Euler, 
and it is essential that the pH of the fermentation mixture does 
not vary greatly from this rahge. 

Coenzyme I—The coenzyme I? is made up to a concentration of 
50 micrograms per ml. with distilled water and stored in the frozen 
state. These solutions were frequently checked against freshly 
prepared solutions and the activity was found to remain unchanged 
for at least 2 months. 

A typical fermentation set-up is represented as follows: 











Constituents Constituents 
ml, 
Mg and Mn solution...........| 0.1 | Coenzyme I 
Buffer solution................ 0.6 | Tissue extract>...... | 0.7 ml 
i ath eta ea ae elie ly 0.2 | Water 
Hexosediphosphate solution....| 0.4 | Apozymase.......... | 200 mg. 





A 2 ml. volume is always used and 2 ml. of water are placed in 
the left-hand flask. 

The addition of thiamine, cocarboxylase, riboflavin, yeast and 
muscle adenylic acid, and nicotinic acid amide has no effect’ upon 
the fermentation and these substances, therefore, cannot be 
considered to be limiting factors in the assay. 

The optimum levels for each of the above constituents must 
be determined for every type of yeast employed. When these 
conditions are fulfilled, coenzyme I becomes the only limiting 
factor. Coenzyme II is not determined by this method. 


* We are indebted to Mr. H. A. Campbell for the weighing of the small 
amounts of coenzyme I required. 
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Methods of Extraction of Coenzyme I from Animal Tissues 


It is well known that coenzyme I is rapidly inactivated after 
the death of the animal. This enzymatic destruction is particu- 
larly rapid when the normal cell structure is disrupted. It 
therefore becomes necessary to inactivate these enzymes as 
rapidly as possible in order to preserve the coenzyme. Inactiva- 
tion by heat is the most feasible. On the other hand, the 
coenzyme is labile to heat under certain conditions. Therefore, 
the best extraction method is one in which the tissue is heated for 
the minimal length of time necessary to inactivate those enzymes 
which attack the coenzyme. This treatment must, however, in- 
sure complete extraction of the coenzyme. A more detailed 
discussion of the difficulties involved in the extraction of coenzyme 
I is given by von Euler et al. (2). We have experimented with a 
number of different methods and have found the following to be 
the most satisfactory. 


Extraction of Coenzyme I from Blood 


Blood is obtained from the guinea pig and rat by heart puncture, 
from the chicken by bleeding from the external carotid artery, 
and from the human and dog by venipuncture. No anesthetic 
is ever employed. Oxalate is always used as the anticoagulant. 
There is but little loss in the coenzyme I activity as long as the 
red blood cells remain intact. All of the coenzyme I is confined 
to the corpuscles. The blood may be stored overnight in the 
refrigerator without any loss in its coenzyme I content. The 
coenzyme is rapidly inactivated in hemolyzed blood. 

The red blood cells are washed with isotonic saline and are 
centrifuged long enough to insure the maximum packing effect. 2 
ml. of cells are pipetted into 5 ml. of water at 80°, stirred, and 
immediately placed in a hot water bath kept at 80°. After 5 
minutes in the water bath the extract is cooled, homogenized,’ 
and centrifuged. From 0.4 to 0.8 ml. of the supernatant has been 
found to give a suitable carbon dioxide evolution. The effects 
of different temperatures and periods of heating were determined 
and the above conditions were found to yield the maximum extrac- 
tion. Recovery experiments run on both the original hemolyzed 


* The apparatus used is described by Potter and Elvehjem (7). 
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solution and on the final extract proved to be satisfactory and 
we could conclude that none of the coenzyme I was adsorbed on 
the blood protein and that there were no inhibiting or accelerating 
substances present. The completeness of extraction was further 
verified by failure to extract any more coenzyme I from the 
protein residue. 

Hematocrit values were determined and the coenzyme I content 
of the whole blood calculated. 

In the case of chicken blood it is necessary to use a weighed 
amount of red blood cells. Otherwise the procedure is the same as 
that employed for the other bloods. 

The extracts may be safely stored overnight. Longer storage 
occasionally results in a marked loss of activity. 


TABLE | 
Coenzyme I Contents (Expressed in Micrograms per Gm. of Fresh Weight) 

















Animal | Liver nie ae ee ‘emis Blood 
Guinea pig....... | 523 (4)* | 503 (4) | 107 (4) | 662 (4) | 65- 89 (4) 
_apetlae. 1114 (6) | 1077 (6) | 353 (6) | 782 (6) | 84-106 (6) 
Chicken..........| 878 (3) | 990 (3) | 306 (3) | 693 (3) | 65-105 (15) 
Dog.............-| 1185 (1) | 1060 (1) | 458 (1) | 51- 66 (4) 
Human...........| | 20— 35 (10) 





* The figures in parentheses indicate the number of animals used. 


Other Tissue Extracts—The animal is sacrificed, always in the 
absence of anesthesia, and the desired tissue immediately removed, 
cut into thin slices, and placed on slabs of solid carbon dioxide. 
The rate of inactivation of coenzyme I is greatly decreased as long 
as the tissue remains in the frozen state. Rat liver and muscle 
may be stored in this condition for 2 weeks without any loss in 
their coenzyme I content. Rat kidney and brain show marked 
decreases after storage for 1 week. Analyses are performed as 
soon as possible after the death of the animal. 

The frozen tissue is ground up to a fine powder in a mortar. 
The finely pulverized tissue (0.5 to 1.0 gm.) is weighed out on a 
cold watch-glass and washed into 25 ml. of boiling water with 
approximately 5 ml. of hot water. The extract is boiled for 2 
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minutes, immediately cooled, made up to volume, and a suitable 
aliquot used for analysis. 

A final concentration of 20 to 30 mg. of tissue per ml. is usually 
chosen. 0.4 to 0.8 cc. of the extract is usually employed. These 
extracts may be safely stored overnight in the refrigerator. As 
in the case of blood, recovery experiments were completely 
satisfactory. Further extraction of the protein residue with water 
at room temperature yielded no coenzyme I. 

The average values obtained for a number of normal tissues 
are given in Table I. A maximum deviation of +10 per cent from 
these values usually defines the biological variation among 
animals of the same species. The range of values is given in the 
case of blood. 


DISCUSSION 


Values for the coenzyme I content of rat and rabbit tissues and 
of the musculature of marine. invertebrates have been reported 
by Ochoa and Ochoa (8, 9) and von Euler et al. (2,3). The data 
that have been gathered indicate definite species differences in the 
coenzyme I contents of corresponding tissues. 

Our values for rat tissues are considerably higher than those 
reported by von Euler. 


SUMMARY 


1. The detailed procedure used in the determination of co- 
enzyme I in animal tissues, according to the method of von Euler 
and Myrbiick, is given. 

2. The coenzyme I contents of a number of normal animal 
tissues are reported. 
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It has been demonstrated, largely through the work in the 
Warburg and the von Euler laboratories, that nicotinic acid amide 
is a constituent of both coenzyme I and coenzyme II. The ex- 
treme importance of these pyridine nucleotides in cellular physiol- 
ogy is now well recognized. These facts have stimulated many 
attempts to establish the vitamin-like nature of nicotinic acid or 
the amide and the relation of these substances to the synthesis of 
the pyridine nucleotides in the body. 

The importance of nicotinic acid and certain of its derivatives 
in bacterial nutrition has been established by Knight (1), Mueller 
(2), Koser et al. (3), and Fildes (4). There is no clear cut evidence 
that nicotinic acid is required preformed in the diet of the rat. 
Von Euler et al. (5) have reported a lowering of both the nicotinic 
acid and coenzyme I contents in rats fed a vitamin B-free ration. 
However, it remains difficult to demonstrate an uncomplicated 
deficiency of the pyridine nucleotides or of any of their possible 
precursors in the rat. This species, therefore, remains unsuitable 
for use in studies relating to the function of nicotinic acid. The 
demonstration of the activity of nicotinic acid in the treatment of 
canine blacktongue (6) suggested the use of species other than 
the rat in such studies. In rapid succession it was shown that 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

Supported in part by grants from the Wisconsin Alumni Research 
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A preliminary report of this work was given before the Sixth annual 
meeting of the American Institute of Nutrition at Toronto, Canada, 
April 26, 1939. 
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nicotinic acid was also a dietary essential for man (7-10), pig (11), 
and monkey (12). 

In this paper we wish to present data to show that there is a 
significant decrease in the coenzyme I content of certain tissues 
in an uncomplicated nicotinic acid deficiency produced in the dog 
and the pig. This observation is to be taken as evidence for the 
fact that a part, at least, of the ingested nicotinic acid is utilized 
for the synthesis of the pyridine nucleotides. 


Methods 


The dogs were brought to the laboratory shortly after weaning 
and were given a complete diet for 2 weeks. They were then 
placed on the modified Goldberger diet previously described (6). 
The ration was not steamed. This greatly facilitated food con- 
sumption studies and no difficulty was encountered in getting the 
dogs to eat this dry ration. In addition, the dogs were fed daily 
by pipette 100 micrograms of thiamine! and 100 micrograms of 
riboflavin. The dogs were weighed weekly until their growth rate 
decreased, when daily weighings were instituted. This permitted 
a close check on the course of the deficiency. When blacktongue 
developed, some of the dogs were sacrificed for analysis and the 
others given nicotinic acid orally for some time before being taken 
for analysis. 

Weanling pigs? from different litters were placed on experiment 
at 10 weeks of age. Their weights ranged from 30 to 38 pounds. 
The animals were segregated and given the following basal ration: 
yellow corn 85, purified casein 10, CaCO; 1, Cas(PO,)2 1, NaCl 1, 
Fe (as Fe2O;) 0.01, cod liver oil 2. The ration was mixed weekly 
and fed ad libitum. Nicotinic acid was administered, as indi- 
cated, either by subcutaneous injection or by incorporating it into 
the ration. Hemoglobin determinations were made weekly, the 
blood samples being taken from a superficial ear vein. Weighings 
were made biweekly.* 


1 We are indebted to Dr. D. F. Robertson of Merck and Company, Inc., 
for generous supplies of thiamine and nicotinic acid. 
2 We are indebted to Professor J. M. Fargo of the Department of Animal 


Husbandry for the pigs used in our work. 
’ We are indebted to Works Progress Administration Project No. 


8649 for assistance in the care of animals. 
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The method used for the coenzyme I determination is fully 
described in the preceding publication (13). Two different 
samples of each tissue were analyzed for coenzyme I and each 
sample was run in duplicate. Dry weight determinations were 
made on all tissues. 


EXPERIMENTAL 


The experiments to be described may be conveniently divided 
into two classes: Series A, those done before pure coenzyme I 
became available to us; Series B, those done after we had access 
to pure coenzyme I. 

Series A—Since we had no pure coenzyme I with which to 
standardize our assays and thus obtain absolute values, it was 
necessary to control all analyses made on the tissues from deficient 
animals with simultaneous analyses of the corresponding tissues 
from a normal animal. All assays were carried out under strictly 
standardized conditions and the results gave comparative values. 

Our first approach was to determine the effect of a nicotinic 
acid deficiency upon the coenzyme I content of red blood cells. 

Dog I—This dog rapidly developed the deficiency and just 
before death exhibited very severe symptoms of blacktongue; 
i.€., an excessive and very viscous salivary excretion, diarrhea, 
fiery red appearance of the periphery of the tongue and of the 
buccal mucosa, and extreme weight loss. Both the hematocrit 
and hemoglobin values remained normal. Blood samples were 
taken before any symptoms could be detected and during the 
period of extreme deficiency. Arrows in the growth curve (Fig. 1) 
mark the times at which analyses were made. A number of nor- 
mal dogs were used for controls and their blood was always 
assayed simultaneously with that of the experimental dog. At no 
time could we detect any variation from the normal in the co- 
enzyme I content of the red blood cells of the deficient dog. 

Dog II—In this case, nicotinic acid was given orally at the times 
indicated in the growth curve (Fig. 1). As with Dog I, blood 
samples were taken during varying stages of the deficiency and 
the coenzyme I content of the red blood cells compared with that 
of normal dogs. The times of analyses are indicated by arrows 
in the growth curve. Again, we could detect no change in the 
coenzyme I content of the red blood cells even under conditions 
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of extreme deficiency. These results were fully confirmed by 
experiments to be described later and we may conclude that a 
severe nicotinic acid deficiency had no effect upon the coenzyme 


I content of the blood of dogs. 


Our attention was then directed to a study of the coenzyme I 
content of other tissues from these deficient animals. 
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Fic. 1. Growth curves of Dogs I, II, IV, V, VI. 
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The arrows indicate 


the times at which the blood was analyzed for its coenzyme I content. 
The numbers in parentheses indicate the mg. of nicotinic acid fed. 


Dog II was sacrificed while in the last stages of the deficiency 
and the brain (gray matter), liver, kidney cortex, muscle (gas- 
trocnemius), and blood were analyzed for their coenzyme I 
content. The corresponding tissues from Dog III were used for 
normal controls. Dog III, an adult animal weighing 15 kilos, 
had been kept on the modified Goldberger diet for 3 months 
without showing any signs of a nicotinic acid deficiency. 240 mg. 
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of nicotinic acid were administered orally during the 10 day period 
previous to the analysis. The following results were obtained: 
(a) the brain, kidney cortex, and blood of Dog II showed no 
significant change, and (6) the liver of Dog II showed a decrease 
of 70 per cent below the value for the liver from Dog III and the 
muscle showed a decrease of 22 per cent below the value for the 
muscle taken from Dog III. 

Pig 423—After a depletion period of 5 weeks on the basal ration, 
growth had practically ceased and the diet was then supplemented 
with 100 mg. of nicotinic acid per kilo. The growth response was 
pronounced and normal growth was maintained during the entire 
course of the experiment. At no time did the animal evidence 
any deficiency symptoms. 

Pig 378—The ration of this pig was not supplemented with 
nicotinic acid. Growth was very slow and the deficiency symp- 
toms noted at the end of the experiment were (1) severe diarrhea, 
(2) unhealthy, scurfy skin, and (3) general moribund condition. 

Pig 877—After 4 weeks on the basal ration this pig exhibited 
very severe symptoms and therapy was begun immediately. 
6 gm. of nicotinic acid were injected over a period of 6 weeks. 
The ration was then supplemented with 100 mg. of nicotinic acid 
per kilo. A slow response was noted after 3 weeks of therapy and, 
at the completion of the experiment, all symptoms had disappeared 
and the animal was growing at a normal rate. 

Pig 392—This pig was given only the basal ration. After 10 
weeks, growth had practically ceased and mild deficiency symp- 
toms appeared. At this time, a decided growth response was 
noted. Suspecting coprophagy, we removed the pig to a wire- 
bottomed cage which was flushed with water twice daily. Growth 
was halted for 3 weeks, when another growth response occurred. 
The pig was slaughtered at this time. It is difficult to explain the 
anomalous behavior of this animal. 

None of the pigs evidenced any signs of anemia. Relative 
values were obtained by comparing the tissues of Pigs 423 and 877 
with those of Pigs 378 and 392 respectively. The brain, kidney 
cortex, liver, muscle, and red blood cells were analyzed. 

In Pigs 423 and 378, the coenzyme I contents of the kidney 
cortex and brain were approximately the same, while the liver of 
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Pig 378 showed a decrease of 50 per cent and its muscle a decrease 
of 87 per cent below the values of the corresponding tissues from 
Pig 423. 

In Pigs 877 and 392, only the muscle of Pig 392 showed a de- 
crease in its coenzyme I content. This was a decrease of 95 per 
cent. It is to be noted that Pig 392 behaved in the anomalous 
manner described above and its failure to show a decrease in the 
coenzyme I content of the liver may be due to the ingestion of 
small amounts of nicotinie acid which this pig was obviously able 
to procure. This small amount of nicotinic acid was unable to 
maintain the coenzyme I content of the muscle. 


TABLE I 
Effect of Nicotinic Acid Deficiency upon Coenzyme I Content of Dog Tissues 





Coenzyme I per gm. fresh tissue 











Tissue a a te os ee 
Dog IV Dog V Dog VI 
micrograms micrograms | micrograms 
Kidney cortex.... ae + 1130 1070 1000 
OT ape IE ede 60 66 61 
Liver....... PL att 714 650 1185 
Gastrocnemius muscle.... aw 3 295 427 | 490 


* No significant changes were found in the hematocrit values. 


No change was noted in the coenzyme I content of red blood 
cells from the deficient pigs. However, the small coenzyme I 
content of pig blood makes these determinations rather unreliable. 

Series B—Owing to the availability of pure coenzyme I, these 
assays could be standardized and the absolute values for the 
coenzyme fF content determined. 

Dogs IV and V were kept on the modified Goldberger ration 
except for a single oral supplement of 10 mg. of nicotinic acid 
after the first indication of decreased growth. At the time of 
sacrifice Dog V exhibited mild symptoms and Dog IV very severe 
symptoms of blacktongue (Fig. 1). 

Dog VI was given the basal diet plus 5 mg. of nicotinic acid 
daily by pipette. Normal growth was maintained throughout the 
course of the experiment and no deficiency symptoms were noted. 

Table I lists the tissues analyzed; the values are given in micro- 
grams of coenzyme I per gm. of fresh tissue. Significant decreases 
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in coenzyme I content are to be noted in the livers of Dogs IV and 
V and in the muscle of Dog IV. 

The moisture content of the tissues from the deficient animals 
remained normal. 

It became of interest to determine whether the coenzyme I 
content of tissues could be increased beyond their normal value 
by the administration of nicotinic acid. The rat was chosen as 
the experimental animal. An amount equivalent to 1 mg. of 
nicotinic acid per kilo of live weight was administered daily to 
three rats by intraperitoneal injection. The rats were kept on 
the stock diet. The tissues of three normal rats of approximately 
the same age and weight were also analyzed. The results are 


TaB.Le Il 


Effect of Addition of Excessive Amounts of Nicotinic Acid upon Coenzyme I 
Content of Rat Tissues 


Coenzyme I per gm. fresh tissue 




















Tissue os is SSS ae ee 
(13)* (14)* (22)° | Normal| Normal Normal 
micro- | micro- | micro- | micro- | micro- | pea 
grams | grams grams | grams | grams § grame 
Liver... 0.0.0.0... 0... ..e.2.+-.-} 1260 | 1170 | 1040 | 1070 | 935 | 1210 
Brain gray matter ............ 340 | 378 | 348 | 300) 300) 320 
Kidney cortex....................| 1100 | 1160 | 1080 | 965 | 1050 | 1130 
Gastrocnemius muscle............ 805 850 | 770 | 710 | 705 





* The values in parentheses indicate the number of injections given. 


given in Table II as micrograms of coenzyme I per gm. of fresh 
tissue. 

It is evident that the coenzyme I content of the tissues of the 
rat was not increased by the administration of extra amounts of 
nicotinic acid. These findings confirm those obtained by von 
Euler (5). 


DISCUSSION 


In the light of our present knowledge, the basal rations employed 
produced a definite nicotinic acid deficiency in the dog and the 
pig. The ability to produce such a deficiency has greatly facili- 
tated all efforts directed toward a study of the function of nicotinic 
acid. Our experiments demonstrate that a nicotinic acid de- 
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ficiency results in a lowered coenzyme I content of the liver and 
muscle. The extent to which the coenzyme I content was affected 
varied considerably and can be considered to be a function of the 
degree of the deficiency. At the present, however, no positive 
correlations can be made. 

It is significant that the brain, kidney cortex, and blood always 
maintained their normal coenzyme I content, decreases being 
noted only in the case of liver and muscle. We may assume that 
the normal level of coenzyme I in the former tissues is absolutely 
essential, a decrease being incompatible with life. This assump- 
tion does not hold true for the liver and muscle which apparently 
can maintain their vital functions, although presumably to a 
greatly lessened degree, in the absence of their normal content 
of coenzyme I. The possibility still exists, however, that in the 
absence of coenzyme I the transfer of hydrogen from metabolite 
to oxygen is effected through the medium of other carrier systems. 
In this manner the normal metabolism could be maintained. 

Knight (1) and Fildes (4) have demonstrated the requirement 
of Staphylococcus aureus and Proteus respectively for nicotinic acid 
or certain of its closely related derivatives. It is known that these 


organisms can synthesize the V factor, which is thought to be - 


either coenzyme I or coenzyme II, and the conclusion was drawn 
that nicotinic acid serves as a precursor for the synthesis of these 
coenzymes. Evidence supporting the existence of such a relation- 
ship in the case of the human has been given by Kohn (14) and 
Vilter, Vilter, and Spies (15). Kohn has demonstrated an in- 
crease in the blood factor V of both normal subjects and pellagra 
patients following the ingestion of large amounts of nicotinic acid 
and Vilter, Vilter, and Spies have observed a decrease in the 
factor V content of the blood of pellagrins which could be remedied 
through nicotinic acid therapy. In confirmation of our findings, 
Kohn and Dann (16) found no significant change in the blood 
factor V level of the dog during a nicotinic acid deficiency. Intra- 
venous administration of nicotinamide had no effect upon the 
blood factor V level. 

It is to be noted that our experiments yielded no information 
concerning the coenzyme II content of the tissues studied. 
Assuming the existence of a state of equilibrium between coenzyme 
I and coenzyme ITI, we may expect to find changes in the coenzyme 
II content which correspond to those found for coenzyme I. 
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Whether the decrease in the coenzyme I content of the liver and 
muscle observed in the animals used in this study is sufficient 
to account for the gross symptoms observed cannot be answered 
at this time. 

The ability of the vitamins thiamine and riboflavin to serve as 
precursors of essential coenzymes is now well established. Evi- 
dence is now being rapidly accumulated to show that a third 
vitamin, nicotinic acid, may also function in such capacity. 


SUMMARY 


1. A nicotinic acid deficiency in the dog and pig results in a 
lowered coenzyme I content of the liver and muscle. 

2. No effect is noted upon the coenzyme I content of the brain, 
kidney cortex, and blood. 

3. The coenzyme I content of rat tissues cannot be increased 
by the administration of excessive amounts of nicotinic acid. 
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The progressive changes in the catabolism of body tissue which 
occur during a prolonged fast have been divided into four periods, 
each represented by a loss of about one-eighth of the original body 
weight (Morgulis (18)). In the first stage of inanition, the gly- 
cogen stores decrease rapidly and the ability to oxidize carbohy- 
drate is likewise diminished. In the second and third, or inter- 
mediate phases, energy is derived mainly from stored fat and the 
mechanism for glucose oxidation is markedly suppressed to a 
minimum level. The fourth phase is usually characterized by the 
exhaustion of body fat to the point where endogenous protein is 
needed for fuel, the so called “‘premortal’’ rise in protein metabo- 
lism. At this time a partial restoration of the sugar-oxidizing 
function is indicated. 

A number of investigators have noted the absence of a typical 
premortal rise in nitrogen excretion. Mansfeld and Hamburger 
(17) and Lanczos (14) attributed the phenomenon to ablation of 
the thyroid glands, but Hari (11) and Mangold (16) reported that 
no rise may occur also in dogs with intact thyroids. The data of 
Benedict and Fox (3) show both high and low protein metabolism 
in albino and wild rats a short time before the fatal termination of 
the fast. The heat derived from protein ranged from 88 down to 
22 per cent of the total metabolism. Low respiratory quotients of 
0.72 and 0.73 were found in four animals but the nitrogen excre- 
tion was not obtained in three of them. The other rats in the 
lower protein range had quotients of about 0.80. Thus the coordi- 
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nation of respiratory metabolism with nitrogen excretion was not 
exact. 

It is the purpose of this paper to correlate some of the changes 
in metabolism which occur as the dog passes from the intermediary 
to the fourth phase of inanition and to present the evidence for 
carbohydrate oxidation in the fourth phase as tested by the 
administration of glucose. The reactions to ingested fat and 
protein are of value in interpreting the defects in metabolism at 
this stage. Preliminary reports have been published (2, 8) 
and the related literature discussed briefly in a recent review 
article (6). 


EXPERIMENTAL 


Eleven adult female mongrel dogs weighing between 9 and 22 kilos 
were observed during a prolonged fast with free access to water. 
The quantitative collection of urine was started when the loss in 
body weight amounted to between 25 and 30 per cent; 7.e., in the 
intermediate phase of inanition. The excretion of total nitrogen, 
ketone bodies, creatinine, and creatine was determined by the 
methods previously noted (1). Respiratory metabolism deter- 
minations were made in the Lusk calorimeter at frequent intervals 
as the fast progressed. Alcohol checks established the accuracy 
of the respiration calorimeter in the usual manner. 

The fast was terminated in most of the animals by the admin- 
istration of a test meal of 50 gm. of glucose. The respiratory 
metabolism was measured for the 2nd, 3rd, and 4th hours there- 
after and the averages of these three hourly periods are recorded 
in Tables TV to VI. In one experiment 500 gm. of lean meat and 
in another 75 gm. of butter were given instead of the glucose. 
Since all of the metabolic changes reported here can be observed 
before the animals become moribund, the term “premortal”’ is 
misleading as applied indiscriminately to the fourth phase of 
fasting. With careful realimentation the animals can be brought 
back to an apparently normal existence. 

Some of the changes in metabolism that occur as the fast pro- 
gresses from the third to the fourth phase are illustrated by the 
data from two typical animals in Table I. To save space only 
occasional determinations of the urinary constituents, sufficient 
to show the trend and scope of the changes, are recorded here. 
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Seven of the eleven dogs exhibited the characteristic premortal 
rise in catabolism of body protein and this group is represented by 
the first animal in Table I (Dog 186). In the third phase, when 
the loss in body weight was about 30 per cent, the average urinary 
excretion per hour for the group was approximately 100 mg. of 
total nitrogen, 10 mg. of creatinine, 1 to 2 mg. of creatine, and 2 
mg. of ketone bodies expressed as acetone. About 15 per cent of 
the heat production was derived from protein and the non-pro- 


TaBie | 
Progressive Changes i in Metabolism during | Prolonged Fasting 


Respiratory metabolism Urinary excretion 
Fast Weight a mee | Blood | 7 


| 
oss Caleu- cougar | ‘Total ‘Acetone, Creati- | Crea- 
N | bodies | nine tine 








R.Q. | Protein | ipted Direct | 


ft te 186; initial weight 1 13.1 kilos 





days per calories | calories ae | mg. per mg. mg. mg. mg. 
cent per hr. | per hr. per hr. cent | perhr. | perhr. | per hr. | per hr. 
29 | 31 | | (6 | 2.1 |10.0 | 1.5 
39 | 42 | 0.73 | 3.05 | 13.22 | 13.34 | | 5} 11 | 7.5 | 8.5 
42 | 43 ecarloce baeaet weal | 139 | 1.2 | 6.5 | 10.5 
47. 49 | 0.74 | 3.76 | 10.93 | 10. 13 | | 142 | 0.8 | 5.0 | 12.0 
49 | 50 | 0.78 | 4.98 | (10.65 | 10.03 | 188) 0 | 4.5 | 15.5 
50 | 53 | 0.80 | 7.79 | (10.05 | 8.90 | 9 | 2 | 0 4.5 | 18.0 
Dog 195; initial weight 16.6 kilos 
25 | 23 | 0.72! 2.78 | 17.63 | 16.34) 62 | 105 | 2.3 [10.5 | 0 
48 | 36 | | | 58 | 9 124/7.5| 0.8 
sla | | | | 58 | 3} 1.9 | 65) 1.5 
73. | 49 | 0.72 | 3.55 | 15.45 | 1 445) 1 | 14 | 6.1 | 6.0 4.0 
7 | 52 | 0.71 | 2.09 14.98 | 14.86] 61 | 79 | 7.7 | 5.0 | 6.5 








tein respiratory quotients in the range of 0.71 indicate that the 
balance of the energy came mainly from fat. As the fast passed 
into the fourth phase and the weight loss reached about 40 per 
cent, the total nitrogen in the urine began to rise and continued 
until at a weight loss of 50 per cent the amount was approximately 
tripled. Thus in the latter stage from 60 to 100 per cent of the 
total heat production could be attributed to the oxidation of 
protein. In every animal the rise in protein metabolism was 
correlated with an increased respiratory quotient and a gradual fall 
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in ketone excretion. In most instances the quotient at the height 
of protein metabolism was slightly above 0.80, the theoretical 
value for muscle protein. In some of the animals ketone bodies 
disappeared from the urine but in others appreciable amounts up 
to 0.5 mg. per hour were present even when the R.q. was above 
0.80 (Somogyi (24)). The rise in respiratory quotient and fall 
in acetone excretion indicate that the endogenous protein was 
metabolized in the normal manner. This stands in contrast to the 
reaction in the intermediary fasting phase, when the ingestion of 
500 gm. of meat increased the nitrogen excretion to over 500 mg. 
per hour, without changing the respiratory quotient from the basal 
level of 0.72 ((6) p. 263). 

An abrupt rise in the quantity of creatine in the urine occurred 
with the first unmistakable upward movement in the curve of total 
nitrogen excretion. The creatinuria continued to rise gradually 
until it amounted to about 10 times the initial value or approxi- 
mately 20 mg. per hour. Creatinine excretion decreased by 50 
per cent or more and at a uniform rate as illustrated in Table L.. 

In contrast to the series of seven animals just described, four 
others form a group which did not exhibit the premortal rise in 
urinary nitrogen. A typical example is seen in the second dog 
in Table I (Dog 195). During the intermediary phase of inanition 
the two groups are indistinguishable either by the respiratory 
metabolism or by the urinary products which were determined. 
In the fourth phase the latter group failed to exhibit the marked 
increase in endogenous protein metabolism. Total nitrogen 
excretion stayed at about the same level; the respiratory quotients 
likewise were not elevated but remained between 0.71 and 0.74 
throughout the fast. Protein metabolism accounted for only 14 
to 22 per cent of the total heat production. The acetone body ex- 
cretion was variable but the fall which occurred in two instances 
was not so pronounced as in the other group. The decrease in 
creatinine in the urine was similar in both groups. Despite the 
absence of the elevated protein metabolism, the excretion of 
creatine rose to about 10 mg. per hour or to about one-half the 
extent noted in the other animals. 

Our series of dogs thus can be separated into two groups which 
appear to have a distinct difference in protein metabolism, al- 
though it is possible that a larger series may show intermediate 
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types. The reasonable agreement between the respiratory 
quotient and the nitrogen excretion in each case should be em- 
phasized. According to the literature quoted above this difference 
in metabolism is maintained until death. For convenience the 
groups are designated as “high nitrogen’”’ and “low nitrogen.” 
The figures in Table II show that the weight loss in the fourth 
phase, when the fast was terminated, was approximately the same 
in both series, averaging 50 per cent in the low and 51 per cent 
in the high nitrogen group, with an individual variation between 
45 and 56 per cent. It was seen from the experiments of Dann 
(9) that respiratory quotients of about 0.80, associated with a high 
protein metabolism, might be maintained for 4 days prior to 
death. In our experiments inanition therefore was prolonged 
after the animals exhibited the increase in R.q. and in nitrogen 
excretion until the high levels were definitely established. In the 
low nitrogen group the fast was terminated when the muscular 
weakness and general physical condition were similar to that noted 
in the other group. There is nothing to indicate that the rate of 
protein metabolism would have increased had the fast been ex- 
tended. In fact, it is doubtful whether the fasting period could 
have been continued for more than another day, since in two in- 
stances the animals died shortly after glucose was given. Usually 
the excretion of creatine in the low nitrogen group reached a stable 
level in the last day or two before the fast was broken. 

In discussing the early work of E. Voit, Schultz, and others, 
Lusk ((15) p. 108) italicized the statement, “the quantity of the 
protein metabolism in starvation depends upon the amount of fat 
in the body.” An estimation of the difference in body fat in the 
two groups may be made from the duration of fasting and the fat 
oxidized according to the basal metabolism determinations shown 
in Table II. Considering the individual variation in size, there 
is no consistent difference in the two groups in respect to the basal 
metabolism either in the intermediate or in the fourth phase of the 
fast, which would indicate that there was a difference in the 
rapidity with which the body fat was being depleted. Yet three of 
the four animals in the low nitrogen group fasted for a definitely 
longer time than those in the high nitrogen group. Unless there 
was considerable difference in activity, which was not noted, the 
longer fasting animals must have used more fat, since the protein 
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metabolism of the two groups during the intermediate phase was 
approximately equal (except Dog 192) and there was no difference 
in the small amount of carbohydrate oxidized. According to the 
experiments in Table V on the nitrogen-sparing action of ingested 
fat, the rise in protein metabolism in the high nitrogen group repre- 
sents an exhaustion of available body fat. This degree of deple- 
tion is not seen in the low nitrogen group. It seems peculiar 
that the low nitrogen group should fast for a longer time than the 
other group without showing a greater percentage weight loss. 





TABLE II 
Basal Metabolism and Nitrogen Excretion in Intermediate and Fourth Stages 
of Fasting 
| | Intermediate phase Fourth phase 
ia i————————__._._.__. ___.. ~ —— 
) ] ] | | 
Do | 4 ls i | | 3 = 3 | 3 
Le lala1213 | 4 yi eb 35 
|v | 8 | g3| | 2 | gf) 23) 23) 4 | $2 
8 [ais sis leis E1818 
ERE tag RS aN I Fp a 
|| te | dave) 20 lye Sure) ene | Ss |r| Sle 
High nitrogen | 184} 9.9 36 | 40 | 116 | 13.18) 44 | 49 | 291 | 
group | :188 | 13.0) 22 | 26 | 78 | 16.60) 53 | 49 | 270 | 10.03 
186 | 13.1) 39 | 42 | 110 | 13.22) 50 | 53 | 294 | 10.05 
192 | 13.7) 26 | 33 | 170 18.22) 38 | 49 | 475 | 12.59 


| 182 | 14.2) 35 | 37 | 103 | 15.68) 47 | 49 | 330 | 11.84 
211 | 14.8) 22 | 34 | 120° | 48 | 56 | 241 | 12.43 
(11 | 16.0) | 37 | 50 | 400 | 12.52 
| 


Low nitrogen | 191 | 10.1) 20 | 26 | 103 | 13.75) 39 | 45 | 106 | 11.27 
group 195 | 16.6, 25 | 23 | 95 | 17.63) 77 | 52 | 79 14.98 
212 | 17.3} 29 | 35 | 82 | 63 | 54 | 87 | 12.62 


189 | 21.4 24 | 23 | 105 | 25.06, 70 | 50 | 127 | 16.30 


| 


One animal (Dog 189) is of special interest, since both types of 
reaction developed as illustrated in Table III. By the 70th day 
of the first fast the body weight had decreased by 50 per cent, 
muscular weakness developed, the creatine excretion had remained 
constant for 48 hours, and there was no evidence of a rise in R.@. 
or in nitrogen excretion or of a fall in acetone body excretion. 
The blood sugar had risen to 92 mg. per cent from a concentration 
of about 50 mg. per cent in the intermediate phase of inanition, 
thus conforming with the observations of Morgulis and Edwards 
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(20). A glucose experiment was performed and then 500 gm. of 
lean meat were fed daily for 6 days, after which a second fast was 
begun. During the realimentation period the body weight in- 
creased by 1.6 kilos. It seems unlikely that much of this gain in 
weight could be due to fat formation from protein. On the 8th day 
of the second fast the body weight and creatinine excretion were 





Tas.e III 
Changes in Metabolism of Dog 189 during Two Fasting Experiments 
Respiratory metabolism Urinary excretion 
Fast | Weight ee EE: 4 ERE RS : 
088 alcu- : | sugar : . 
k.Q. (Protein betes yy : a [~ G -_ Co 
First fasting experiment; initial weight 21.4 kilos 
da per calories | calories calories | mg. per | mg. mg. | mg. | mg. 
ve | cent perhr.| perhr. | perhr. | cent | perhr. per hr. | per hr. | per hr. 
24 23 | 0.72 | 2.78 | 25.06 | 25.03 105 | 1.5 (22.5 | 2.0 
46 36 | 5O | 125 | 4.4 |14.0 | 4.0 


50 | 44 | 0.74 | 2.84 | 18.21 | 15.23) 48 | 116 | 5.2 11.0 | 2.0 


64 | 47 | 0.73 | 2.89 | 18.69 | 15.69 | 57 | 109 | 3.3/1.0 | 1.5 
67 | 49 | 0.72 | 3.13 | 17.56 | 14.57) 74 | 118 | 3.0 10.0 | 3.5 


68 49 | 143 | 2.8 | 9.5 | 6.0 
69 | 50 | | 138 | 2.8 | 8.0 | 9.5 
70 | 50 | 0.74 | 3.37 | 16.30 | 14.61 | 92 2.1 | 9.0 | 


| 127 | 9.0 


Second fasting experiment; initial weight 12.1 kilos 





3 | 47 | | 148 








| | (0.9 | 9.0 | 1.0 

5 | 48 | | | | 162 | 0.9 | 9.0 | 3.0 

7 50 | | 190 | 0.8 | 8.5 | 11.0 

8 | 50 | 0.78 | 5.33 | 14.26 | 12.66 | 82 | 201 | 0.5 | 9.0 | 23.5 

9 | 52 | 308 | 0.6 | 8.5 | 26.0 
| 


10 | 53 | 0.83 | 8.75 12.83 | 11.17 | 9 | 330 | 0.6 | 7.5 | 29.5 


the same as at the end of the first fast, but the protein metabolism 
and creatine output were much higher (Table III). By the 10th 
day the r.Q. was 0.83, the heat derived from protein was 70 per 
cent of the total, and about 30 mg. per hour of creatine appeared 
in the urine. 

A diet consisting exclusively of lean meat supplies sufficient 
carbohydrate from the protein to maintain the glucose-oxidizing 
function at an almost optimum level (7). A restoration of this 
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function might therefore be expected in the high nitrogen group 
during the fourth phase. Likewise, the elevated respiratory quo- 
tients and diminished acetone body excretion in this group indicate 
oxidation of the carbohydrate derived from the excessive endog- 
enous protein catabolism. In the low nitrogen group these 
indications were absent. Therefore a glucose test meal was given 
to three dogs from each group, the data from which are arranged 


TaBLe IV 
Metabolism of Ingested Glucose after Prolonged Fasting 






































ae Saeany | | Urinary excretion 
RE | | Bxowiment | — Tatoe-|mace |" | cecal A> locean cose. con 
ew ne. | inted | Pitest] | Tat"| tone |Ssiee'| Cine | Gise 
| | heat | | | bodies | 
7 i Ra we a my PE me 
| | | ester |cclrie| ‘See | er per | per ci« 
186/ 50 | Basal | 0.80) 10.05) 8.90) 96 | 2904/0 | 4.5 /18.0 
Glucose* | 0.86! 11.92 10.38 368 | 278 | 0 | 6.0 (21.0| 23 
192 | 38 | Basal 0.83) 12.59] 12.23) 115 | 475 | 0.5 | 7.0 | 6.0 | 
Glucose* | 0.92) 13.45) 15.60, 409 | 57/0 | 3.0/6.5 | 0 
211| 48 | Basal | 0.82) 12.43] 11.08 87 | 209/0 | 4.0 /17.5 
Glucoset | 0.87) 10.79 10.05, 285 | 53/0 | 3.5|9.5/0 
189| 70 | Basal | 0.74) 16.30) 14.61) 92 | 127 | 2.1 | 9.0 | 9.0 
Glucose* | 0.99) 17.90) 18.39} 250 | 125 | 0.4 /10.5 /13.0 | 1.3 
191 | 39 | Basal 0.74) 11.27; 11.22) 67 | 106 | 0.4 | 4.0 | 8.0 
Glucose* | 0.87) 11.34) 11.89) 305 | ¢ 
212| 63 | Basal | 0.73| 12.62) 13.46, 88 | 87 | 0.6 | 5.5 | 7.0 
Glucose* | 0.88] 15.90) 15.74) 364) 90/0 | 6.5 |11.0 | 2.1 
* 50 gm. 
t 30 gm. 


t Part of urine lost. 


in Table IV according to the level of the fasting protein metabo- 
lism. The first three animals, in the high nitrogen group with 
basal quotients of 0.80 to 0.83, responded to the glucose test meal 
with a definite rise in R.g. to about 0.89, thus indicating a partial 
restoration of the ability to oxidize exogenous glucose. Utiliza- 
tion of the ingested glucose was not complete, since all of the ani- 
mals exhibited a pronounced hyperglycemia at the end of the 
respiration experiments and one eliminated a small fraction of the 
sugar in the urine. In the other two dogs the urine was negative 
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for sugar by the Benedict qualitative test and a marked sparing 
of protein metabolism occurred with only a small drop in the 
creatinine excretion. 

The low nitrogen group (the last three animals in Table IV) 
starting from the low basal level of 0.74 showed a greater rise in 
quotient after glucose than the other group, although the hyper- 
glycemia and glycosuria were of the same order. There was no 
significant change in nitrogen excretion; thus in this group glucose 
oxidation apparently replaced that of body fat. Ketonuria, when 
present, was greatly diminished or abolished by the ingestion of 
the sugar. The specific dynamic action of the sugar was about 2 
calories per hour in four of the six dogs or about 50 per cent of that 
found in the well fed animal. The extra heat production was 
confirmed by the direct heat measurements. 

The degree of restoration of the carbohydrate-oxidizing mecha- 
nism is seen from a comparison of the figures in Table IV with 
previous similar experiments in the intermediate fasting state. 
In the latter condition the averages after the glucose test meal 
were R.Q. 0.72, blood sugar 314 mg. per cent, and sugar excretion 
6.3 gm. in 4 hours (6). 

Further evidence for a relationship between fat and protein 
metabolism was found when fat was given to two of the dogs with 
a high nitrogen excretion. The second fast period of Dog 189 
(Table III) was broken by the ingestion of 75 gm. of butter and 
in the next 3 days 150 gm. each of butter and lard were fed. 
The fast of the other dog (No. 186, Table I) was terminated with 
a glucose experiment (Table IV) and on the following day after 
the basal metabolism had been determined 50 gm. of lard were 
eaten. The changes in respiratory metabolism were followed for 
4 or 5 hours after the first ingestion of fat. Since the individual 
hourly figures were quite uniform, only the averages are given 
with the other data in Table V. The respiratory quotient was 
definitely lowered by the butter but unaffected by the first dose 
of lard. After Dog 186 had received 275 gm. of lard and 10 gm. 
of cod liver oil, the basal quotient fell to 0.75 and the failure to 
oxidize ingested glucose was similar to that found in the inter- 
mediary stage of inanition;7.e., there was no rise in quotient during 
4 hours after glucose ingestion and 3.5 gm. of sugar were excreted. 
Also, the fat diet caused a rapid fall in blood sugar to the early 
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fasting level. Concomitant with these changes in carbohydrate 
metabolism there was an appreciable fall in creatinuria. 

The ingested fat exerted a marked protein-sparing action. In 
both instances the nitrogen excretion had fallen 200 or more mg. 
per hour by the 3rd day. At the same time the acetone body 
excretion was increased, body weight remained approximately the 
same, and the output of creatine was reduced. The dictum that 
ingested fat does not spare body protein (Lusk (15)) thus is shown 
to be inapplicable when the body stores of fat have been sufficiently 
depleted. By the ingestion of fat alone, the metabolic condition 
of the animal could be changed in the several respects noted from 
the premortal back to the intermediate stage of fasting. 

Previous experiments have shown that in the intermediate 
fasting stage the administration of 500 gm. of meat did not raise 
the respiratory quotient above the basal level of 0.72, thus indi- 
cating that the glucose formed from the protein was retained in 
the body (6). A similar experiment was performed on one of the 
dogs in the high nitrogen group after the weight loss amounted to 
49 per cent, a creatine excretion of 20 mg. per hour was reached, 
and the body protein metabolism was elevated sufficiently to 
account for 74 per cent of the basal heat production. Two meat 
experiments on successive days are shown in Table VI. Average 
respiratory quotients of 0.78 and 0.81 after the ingestion of meat 
indicate that the carbohydrate derived from the exogenous pro- 
tein was metabolized in a similar fashion to that from the 
endogenous protein. According to the total nitrogen ex- 
cretion the ingested protein was adequate to meet the energy 
requirements of the body and provide for the specific dynamic 
action of 18 and 13 calories per gm. of extra nitrogen, which is 
within the range found in the normal well nourished dog (Lusk 
(15); Borsook (4) Table II). Ketone body excretion disappeared 
about the 45th day of fasting but reappeared on ingestion of the 
meat, as in the experiments in the intermediate fasting condition. 

A third meal of 500 gm. of meat was given on the 50th day. 
Although there was no retention of protein, since 48 gm. of nitro- 
gen were fed and 56 gm. were excreted in the urine, the basal 
nitrogen excretion was lower on the 52nd than on the 47th day 
and the respiratory quotient was at the fat level, 0.72. Some oxi- 
dation of glucose took place after the test meal according to the 
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R.Q. of 0.83, although 6.5 gm. of sugar were excreted in the urine. 
Ketonuria disappeared and a nitrogen-sparing action to the extent 
of about 50 per cent was noted in the next 24 hours. Further 
fasting for 2 days brought the nitrogen excretion up to 309 and 
the ketone excretion to 1.7 mg. per hour. The animal then 
recovered upon realimentation. 

A normal specific dynamic action of ingested protein is of par- 
ticular interest in the fourth stage of fasting, because the high 
endogenous protein metabolism does not seem to elevate the level 
of basal metabolism. A fall in basal metabolism during the pre- 
mortal rise in urinary nitrogen was first noted by Benedict and 
Fox (3) in the rat. Similar results in the dog are seen in Table I 
(Dog 186), also in Table III (Dog 189). The latter shows a lower 


oxygen consumption and higher nitrogen exeretig the 70th 34, 


day of the second fasting experiment than on the ay of the 
first fast when the body weight was the same. The basal metabo- 
lism of Dog 182 (Table VI) was the same on the 47th and 52nd 
days but the total nitrogen differed by 120 mg. The effect of the 
ingested protein persisted for 24 but not for 48 hours. These 
results indicate a very efficient utilization of body protein when it 
is mobilized to meet the energy requirements of a fat-depleted 
organism. The lack of specific dynamic action suggests a different 
metabolism from that of ingested protein or of the thyroid-stimu- 
lated excess breakdown of body protein in experimental diabetes, 
when the stored fat is not exhausted. 


DISCUSSION 


The restoration of carbohydrate oxidation in the high nitrogen 
group might be explained on the basis of glucose derived from 
protein, as is the case with dogs fed on an exclusively meat diet. 
This explanation would not apply to the low protein group. In 
both groups the blood sugar rose toward the end of the fast. This 
might lead to a stimulation of insulin production by the pancreas, 
resulting in a higher level of carbohydrate metabolism than in the 
intermediary stage. In the intermediate fasting period or after 
a high fat diet Haist, Ridout, and Best (10) have demonstrated a 
reduced insulin content in the rat pancreas. Recovery was ob- 
tained on feeding carbohydrate or protein but not fat. However, 
the réle of the pancreas in the restoration of carbohydrate oxida- 
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tion in the normal long fasted animal is greatly minimized by the 
entirely similar results obtained in depancreatized dogs (Barker, 
Chambers, and Dann (1)). 

The increase in creatine excretion and fall in creatinine occurred 
consistently throughout the entire series of normal and depancrea- 
tized animals. The “creatine-creatinine crossing’ (Howe, Mat- 
till, and Hawk (12)) was observed in all instances with one excep- 
tion (Dog 192) but the rise in creatine seemed more significant 
than the crossing point (Morgulis (19)). The creatine excretion 
does not appear to be directly related to the destruction of body 
protein, since it increased about 5-fold in the low nitrogen group 
when little change in total urinary nitrogen was found. In the 
other group a 10-fold increase accompanied only a tripling of the 
total nitrogen. The sum of the creatine plus creatinine was defi- 
nitely higher during the latter part of the fast; hence it is unlikely 
that the creatine represented merely another excretion form of a 
creatinine precursor. 

The well known theory of the association of diminished carbo- 
hydrate metabolism with the creatinuria seen in the early stages 
of fasting has been reviewed recently by Rose (22) and by Thomas 
(25). Brentano (5) produced creatinuria in normal animals by 
various procedures and related it to a rapid depletion of muscle 
glycogen. More accurate data are needed on the content of 
muscle glycogen after prolonged fasting, but most of the published 
figures are relatively low (6) and might possibly account for the 
increased creatinuria. Recent clinical studies of Jahn (13) with 
intravenously injected creatine have shown no consistent changes 
in respiratory quotient. The fall in blood sugar noted in diabetic 
patients did not occur in normal individuals (13) (Reuter and 
Schlessmann (21)). Our results showing an increased creatinuria 
coincident with the restoration of carbohydrate oxidation are 
contrary to the older theory mentioned above, but they cannot be 
interpreted as demonstrating a causal relationship. 

The available data indicate that the recovery of carbohydrate 
oxidation after a prolonged fast is not dependent upon an increased 
breakdown of body protein or the exhaustion of body fat. It 
occurs in the absence of the pancreas and probably after thyroid- 
ectomy. It is similar in degree to that produced in the depan- 
creatized dog by removal of the pituitary or adrenals. However, 
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in the few cases examined, these glands have appeared histologi- 
cally normal in the fourth phase of fasting. The recovery of car- 
bohydrate oxidation and the coincident creatinuria may represent 
separate effects of a fundamental change in cellular metabolism 
such as Shorr (23) has noted in excised tissues. He found that 
prolonged incubation restored to normal the basal respiratory 
quotients and the response to glucose in muscle removed from 
diabetic dogs and suggested the exhaustion of an inhibitor sub- 
stance. 


SUMMARY 


During prolonged fasting, as the loss in body weight increases 
from 40 to 50 per cent, dogs may exhibit either a marked rise or a 
very slight change in protein metabolism. The “high nitrogen” 
group is characterized by an approximately 3-fold increase in total 
nitrogen excretion, a corresponding basal respiratory quotient of 
about 0.81, about a 10-fold rise in creatinuria, and a definite fall 
in ketone body excretion. The “low nitrogen” group maintains 
the low level of nitrogen excretion and high ketonuria, with respir- 
atory quotients of about 0.73, and about a 5-fold increase in crea- 
tine excretion. The similarity in basal heat production and 
difference in length of fasting in the two groups suggest a greater 
store of body fat in the low nitrogen group. 

The response to a glucose test meal is similar in both groups. 
The rise in respiratory quotient to about 0.89, fall in ketonuria, 
and small excretion of sugar indicate a partial restoration of the 
ability to oxidize glucose. 

After fat ingestion the metabolism resembles that of the inter- 
mediate fasting period. Ingested fat exerts a marked nitrogen- 
sparing effect, which is found only in the animal with depleted 
fat stores. 

Normal respiratory metabolism and specific dynamic action 
are observed after the ingestion of meat although the ketonuria 
is definitely increased. The specific dynamic action of body 
protein, characteristic of experimental diabetes, is not evident 
in the “high nitrogen” group. 
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STUDIES IN PROTEIN METABOLISM 


XI. THE METABOLIC RELATION OF CREATINE AND CREATININE 
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Folin (1), on the basis of his findings of the constancy of creat- 
inine excretion and its apparent lack of relation to the intake of 
protein or creatine, proposed the theory that creatinine formation 
is wholly independent of creatine and can be taken as a measure 
of endogenous tissue metabolism. 

Experiments by Myers and Fine (2), however, demonstrated 
the close relationship between the creatinine coefficient and body 
creatine content for a given species. The findings by Rose and 
Dimmitt (3) and the extended experiments by Benedict and Oster- 
berg (4) who found creatine administration to be followed by ex- 
cretion of extra creatinine—though delayed and incomplete— 
definitely proved the biological dehydration of creatine. The 
slowness of this reaction was taken to indicate that the conversion 
is not a direct one but proceeds by way of intermediate compounds. 
Several investigators have recently discussed the possibility that 
urinary creatinine has also sources other than creatine (5, 6). 

The nitrogen isotope N* offers a tool for the study of this biolog- 
ical conversion. We have prepared isotopic creatine (and creati- 
nine) by treatment of isotopic sarcosine with non-isotopic cyana- 
mide. As the nitrogen of the sarcosine contained 4.5 atom per 
cent excess isotope, the total nitrogen of the resulting creatine had 
an isotope content of one-third of that, i.e. 1.5 atom per cent. 
The N* concentration was high enough to allow a dilution of the 


* This work was carried out with the aid of grants from the Rockefeller 
Foundation and the Josiah Macy, Jr., Foundation. 
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creatine nitrogen with several hundred parts of ordinary nitrogen 
and still be detectable by the mass spectrometric analysis (7). 

The biological experiments were carried out with rats. Follow- 
ing the administration of the isotopic compounds, creatine from 
the tissues was converted into creatinine and isolated in that 
form. For the isolation of creatinine from the urine, the pro- 
cedures developed by Folin (8) and by Benedict (9) for the urine 
of humans or dogs were for unknown reasons unsuccessful when 
applied to rat urines and had to be modified. Our modification, 
tested with isotopic compounds, leads to the isolation of preformed 
creatinine only, uncontaminated with creatine nitrogen. In all 
experiments with creatine feeding the daily dose was 44 mg. per 
kilo of body weight per day, an amount which roughly corresponds 
to the daily excretion of creatinine in the urine. 

The feeding of isotopic creatine resulted in the immediate ex- 
cretion of isotopic creatinine, without an increase of the total 
creatinine output or the appearance of creatine in the urine. The 
results prove the immediate conversion of creatine into creatinine. 

On the other hand, the isotope concentration in the urinary 
creatinine obtained in these experiments was small as compared to 
that in the dietary creatine, indicating that the nitrogen of uri- 
nary creatinine represented not merely that of the dietary creatine 
but that from other sources. It was found that the bulk was 
derived from body creatine, which in these experiments contained 
mainly normal nitrogen. 

In the experiments recorded in Table I, two groups, each of three 
rats, kept on a normal creatine-free stock diet, were given crea- 
tine for 6 days and were then killed. Samples of creatinine were 
isolated from the urine collected during the experimental period, 
and found to contain 0.110 and 0.128 atom per cent excess N"; 
the body creatine contained 0.131 and 0.150 atom per cent. The 
results indicate that the administered creatine was mixed with 
the body creatine while the creatinine, which had an only slightly 
lower isotope concentration, must have been mainly derived from 
this mixture. 

The creatinine analyzed had been formed during the period 
of creatine administration. That from the pooled urines of the 
6 day period must have represented mixtures of creatinine sam- 
ples with continuously increasing isotope concentrations, starting 
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with zero at the beginning of the experiment. The values found 
do not give direct information as to whether creatinine was de- 
rived only from body creatine. This can be obtained only by 
studies with a creatine-free diet.' Under such conditions the 
isotope concentration of both compounds at a given time should 
be the same. 

In a third experiment the body creatine of six rats was marked 
by the nitrogen isotope by keeping our animals during a prelimi- 
nary period of 6 days on the diet containing isotopic creatine. 
After a subsequent 5 day period during which the animals received 


TaBLe | 
Conversion of Creatine to Creatinine 


Three male rats of 200 gm. each on a stock diet were given 44 mg. of 
creatine (1.5 atom per cent N™ excess) per kilo of body weight per day for 
6 days. 























| N¥® content 
Group I Group II 
atom per cent atom per cent 
excess 
Muscles Creatine 0.131 0.150 
Internal organs* - 0.174 
Pooled urines of 6 day period | Creatinine 0.110 0.128 
Ammonia 0.002 
Urea 0.004 











* Combined heart, lungs, kidneys, liver, testes, spleen, and brain. 


the same diet without any creatine, they were killed. Body 
creatine was isolated from one group of animals, and urinary 
creatinine from the urine samples of both groups, collected only 
during the last 48 hours. All samples had identical isotope con- 


1 If the dietary creatine in these experiments were completely mixed with 
body creatine and only the resulting mixture were converted into creat- 
inine, the isotope concentration in the urinary creatinine should, on the 
assumption that it increases linearly with time, have been slightly more 
than half of that of the body creatine. The values found were somewhat 
higher, probably because a small proportion of the dietary creatine was 
converted before its complete distribution over all the body creatine. A 
direct conversion of only 2 per cent of the dietary creatine could account for 
the difference observed. 
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tent (Table II), definitely proving that on a creatine-free diet body 
creatine was the only precursor of creatinine. Any other source 
would have given rise to a dilution of the isotopic creatinine 
nitrogen with normal nitrogen. 

Dietary creatine when given in small amounts is uniformly 
distributed over the creatine of muscles and organs. From the 
animals of Experiment 2 (Group II, Table I), creatine was also 
isolated from the internal organs (liver, kidney, lungs, etc.). 
This had almost the same isotope concentration as that of the 
muscles.? 

The results of our three experiments, considered together, fur- 
thermore indicate that the replacement of the body creatine by 


Taste II 
Creatinine Formation on Creatine-Free Diet 
Two groups of three male rats of 300 gm. each were first given 44 mg. of 
isotopic creatine (1.5 atom per cent N™ excess) per kilo of body weight for 
6 days, and then kept on a creatine-free diet for 5 days, when Group I was 
killed. 














N® content 
Gump t al Group nt 
atom per cent | atom per cent 
excess ercess 
Creatine from muscles Voge degen ya =! 0.135 
Creatinine from urine of last 48 hrs. 0.138 0.133 








newly synthesized creatine proceeds at a very slow rate. The 
animals in Experiment 3 (Table II), kept on a creatine-free diet 


* Most of the creatine in muscles is known to be present as phosphocrea- 
tine. The almost equal distribution of the isotope over the creatine in 
organs, muscles, and urinary creatinine suggests a rapid replacement of the 
creatine in phosphocreatine. Hevesy and Rebbe (10) have determined the 
rate of this process (‘‘molecular rejuvenation’’ of phosphocreatine) by 
determining the replacement of its other component, phosphoric acid, by 
employing radioactive phosphorus. They administered marked phosphate 
ions to frogs and found that 3 hours after injection the phosphorus in the 
phosphocreatine had 78 per cent of the isotope concentration in the inor- 
ganic phosphates in the serum, indicating a 78 per cent ‘‘rejuvenation’”’ of 
the phosphocreatine. Our findings on the fast rate of ‘“‘rejuvenation’”’ of 
phosphocreatine are thus in accordance with those of these authors. 

















K. Bloch and R. Schoenheimer 115 


for 5 days, still had about the same isotope level in their body 
creatine as the animals in Experiments 1 and 2 (Table I) which 
were killed at the end of the period of creatine administration.’ 

The mechanism of creatinine formation in vivo is wholly un- 
known. While the reaction creatine = creatinine is a reversible 
process in vitro, it is questionable whether it is reversible also 
in vivo. It is known that the administration of creatinine 
results in an immediate elimination of extra creatinine, but a 
quantitative recovery has never been secured (11). If the 
loss of ingested creatinine were due to its partial conversion 
into creatine, the administration of isotopic creatinine should 
result in the formation of significant quantities of isotopic crea- 
tine. This, however, was not the case. Three other rats were 
given isotopic creatinine for 6 days in addition to the stock diet. 
The isotope content in the urinary creatinine was half of that in 
the administered creatinine, indicating that half of the urinary 
material was derived from the diet. The increase of creatinine 
in the urine corresponded to a recovery of 75 per cent of the dietary 
creatinine. The creatine isolated from the muscles had normal 
nitrogen. If only 2 per cent of this substance had been derived 
from the administered creatinine, it would have been detected in 
the analytical procedure. The conversion of creatine into creati- 
nine seems therefore to be biologically irreversible. 

None of our experiments offered any evidence for degradation 
of either creatine or creatinine. Samples of ammonia or urea 
isolated from the urine of our animals had only normal nitrogen, 
a finding totally different from those observed after isotopic amino 
acids were fed (12). As the total amount of urea nitrogen in the 
urine is high compared with the amount of creatine or creatinine 
administered, a small decomposition might have increased the 
isotope in the urea so little that it escaped detection. 

The creatine and creatinine samples given were marked only 
by the isotope in the sarcosine part of the molecule. A replace- 
ment of the nitrogen in the — (amidine) group by nor- 


+ In an experiment not yet published, we have determined the amount of 
creatine synthesized per day by rats on acreatine-free diet. It corresponds 
to about 2 per cent of the body creatine; i.e., the same amount as was daily 
excreted in the form of creatinine. 
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mal nitrogen from other sources such as occurs with arginine 
(13, 14) could not have become apparent. This reaction will be 
discussed in a forthcoming publication. 


. 


EXPERIMENTAL 


Preparation of Isotopic Creatine and Creatinine—Glycine con- 
taining 4.50 atom per cent N” excess prepared according to 
Schoenheimer and Ratner (15) was converted into sarcosine (16), 
and the latter treated with cyanamide and a trace of ordinary 
(non-isotopic) ammonia (17). The over-all yield of creatine, re- 
crystallized from water, was 58 per cent. It contained 1.50 
(calculated 1.50) atom per cent N™ excess. Kjeldahl N found 
28.0 per cent; calculated 28.2. Creatinine was prepared by re- 
fluxing isotopic creatine with hydrochloric acid and was isolated 
as the hydrochloride. It contained 1.50 atom per cent N™ excess. 
Kjeldahl N found 27.8 per cent; calculated 28.1. 

Stability of Nitrogen Atoms in Creatine—0.001 mole of creatine 
and 0.002 mole of ammonium chloride (2.18 atom per cent N® 
excess) in 40 cc. of water were refluxed for 24 hours. The solution 
was made normal in regard to hydrochloric acid, refluxed for 3 
hours, and brought to dryness. The product was isolated as 
potassium creatinine picrate and recrystallized five times from 
water. After the removal of picric acid from a sample by extrac- 
tion of the acidified solution with ether, the nitrogen present 
contained 0.020 atom per cent N™ excess. This was due to con- 
tamination with a minute amount of isotopic ammonia not re- 
moved by the repeated recrystallization. It was removed by 
treating the compound with ordinary ammonia (“washing out” 
process): 80 mg. of the potassium creatine picrate were once 
recrystallized from water containing 186 mg. of ordinary (non- 
isotopic) ammonium chloride, and once from water. The creat- 
inine then contained 0.002 atom per cent N™ excess. If only 1 
per cent of the nitrogen of creatine had exchanged with the nigro- 
gen of ammonia, the isotope content of the product would have 
been 0.009 per cent. The decrease of isotope during the washing 
out process could not have been due to “back exchange.” If 
the 2 per cent of isotope had originally entered by exchange during 
24 hours, it could not have been removed completely (100 per cent) 
by exchange during the few minutes when it was in contact with 
normal ammonia. 
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Isolation of Creatine and Creatinine— Representative samples of 
creatine from the muscles and organs were obtained by the proce- 
dure described previously (14). For the isolation of creatinine 
the filtered urine was made acid to Congo red with HC! and 
treated with Lloyd’s reagent. This was collected and washed with 
dilute HCl and then with 2 per cent barium hydroxide solution. 
The alkaline washings were neutralized to Congo red with sulfuric 
acid, freed of barium sulfate, and treated with phosphotungstic 
acid. The precipitate was centrifuged off and washed with a 
little ice-cold water. Creatinine phosphotungstate was extracted 
from the precipitate with acetone and the acetone removed. The 
dry residue was suspended in 10 per cent HCl and phosphotung- 


Tas_e III 
Excretion of Creatinine 
Three male rats of 200 gm. of body weight on a stock diet were given 
50 mg. of creatinine (1.5 atom per cent N™ excess) per kilo of body weight 
per day for 6 days. 
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stic acid removed by extraction with butanol-ether 1:1. The 
aqueous solution was brought to dryness in vacuo. The residue 
was dissolved in water and the amount of creatinine present was 
determined colorimetrically in an aliquot. The calculated 
amounts of picric acid and potassium picrate for precipitation of 
potassium creatinine picrate were added. After recrystalliza- 
tion from a solution containing 0.12 per cent picric acid, the 
product was analytically pure. The purity of the samples was 
always tested (a) by determining the creatinine content colori- 
metrically, and (b) by determining the nitrogen after quantitative 
removal of picric acid by continuous extraction with ether. The 
creatinine content of all samples ranged between 18.3 and 18.8 
per cent (calculated 18.6 per cent), and the creatinine nitrogen 
in the samples was found between 6.8 and 7.0 per cent (calculated 
6.9). 
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Separation of Creatinine from Urinary Creatine— Although in our 
creatine feeding experiments urinary creatine could not be detected 
colorimetrically, the possibility of small amounts of isotopic dietary 
creatine being excreted in the urine as such had to be considered. 
In order to test whether our isolation procedure involved a con- 
version of creatine into creatinine, the following experiment was 
carried out. To a normal sample of rat urine containing 25 mg. 
of creatinine (determined colorimetrically) 5 mg. of isotopic 
creatine (N" = 1.5 atom per cent excess) were added. Creatinine 
was isolated as described before. It contained 0.004 atom per 
cent N™ excess. The value found is within the limits of error of 
the analytical procedure. 

Feeding Experiments—Male rats of 200 or 300 gm. each were 
kept in metabolism cages on the following diet: 68 per cent corn- 
starch, 15 per cent casein, 6 per cent Wesson oil, 2 per cent cod 
liver oil, 4 per cent salt mixture (18), 5 per cent yeast. Creatine 
or creatinine was added in solution to the diet. The animals did 
not change weight appreciably during the short experimental 
period. All results are given in Tables I to III. 


SUMMARY 


1. The: biological conversion of creatine into creatinine has 
been studied in adult rats by feeding isotopic creatine or creati- 
nine in addition to the stock diet. The compounds were prepared 
from isotopic glycine as the starting material. The stability of 
the nitrogen in creatine was investigated. The nitrogen does not 
exchange in vitro with the nitrogen of ammonia. 

2. Creatine samples were isolated from muscles and creatinine 
from the urine of rats. In the isolation procedure for the latter 
any conversion of creatine into creatinine was avoided. This 
was tested with isotopic material. 

3. The administration of small amounts of creatine was followed 
by an almost equal distribution of dietary creatine nitrogen over 
creatine of muscle and internal organs as well as over the urinary 
creatinine. The latter is thus derived mainly from the body 
creatine. 

4. In a second series the body creatine of rats was marked with 
isotopic nitrogen by feeding isotopic creatine during a preliminary 
period. In the following period, when creatine was omitted 
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from the diet, the isotope content of the urinary creatinine was 
identical with that of the body creatine. This indicated that on 
a creatine-free diet, body creatine is the only source of urinary 
creatinine. 

5. The administration of isotopic creatinine results in the imme- 
diate excretion of most of the isotopic material in the urine. No 
isotope was found in the body creatine. The results indicate that 
the reaction creatine =— creatinine is biologically irreversible. 
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During the past few years, several investigators have proposed 
the hypothesis that the female organism utilizes acetone bodies to 
a smaller degree than does the male. Thus, Deuel and Gulick (1) 
reported that on the 3rd and 4th day of fasting, the acetone body 
excretion by human females was about 3 times greater than that 
of similarly fasted males. 

In continuation of these studies, Butts and Deuel (2) investi- 
gated the excretion of ketones in fasting male and female rats. 
They found that although no significant difference could be 
detected between the relatively minute amounts of acetone bodies 
excreted by fasting rats of either sex, the acetonuria of female 
rats was about twice as great as that of males after acetoacetic 
acid had been fed. It is noteworthy that a sex difference in the 
magnitude of the ketonuria of rats could be demonstrated only 
when a significant ketosis was produced. In accord with this is 
the fact that when the endogenous ketosis of rats is aggravated 
by the administration of extracts from anterior pituitary glands 
(3), by ether anesthesia (4), or by the previous administration of 
very high fat diets (5), the female shows a greater ketonuria than 
does the male. 

In attempting to correlate this greater excretion of acetone 
bodies by fasting females with the nutritional status of the animals, 


* Presented in part before the American Physiological Society at To- 
ronto, April, 1939. 

t Henry Wald Bettmann Fellow. 
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Deuel, Gulick, Grunewald, and Cutler (6) studied the glycogen 
and fat contents of livers from male and female rats. They found 
a lower liver glycogen content in fasting females than in fasting 
males, 24, 48, and 72 hours after the administration of glucose. 
Conversely, a higher liver fat content was found in female rats 
during the whole period of fasting. 

Since the observed sex variation might be traced to some ovarian 
secretion, Gulick, Samuels, and Deuel and Grunewald, Cutler, 
and Deuel investigated the liver glycogen content and the me- 
tabolism of fed diacetic acid in ovariectomized rats. Their studies 
reveal that these rats have an increase in liver glycogen, which is 
slightly higher than that found in normal fasting males, and that 
the ketonuria of fasting females that have been fed diacetic acid 
is lowered after removal of the ovaries (7, 8). 

The rate of utilization of administered acetone bodies was 
estimated by the investigators mentioned above on the basis that, 
with the exception of the acetone bodies excreted in the urine, the 
administered ketones are oxidized. Thus, no significant con- 
sideration was given to the possibility that the formation of 
acetone bodies by the animals themselves may play a réle in the 
amount of ketones excreted, or that the urinary content may not 
be a definite index of the amount of circulating acetone bodies. 
Furthermore, it is possible to induce changes in the urinary 
excretion of acetone bodies without in any way influencing their 
utilization by the tissues. Thus, the administration of insulin (9) 
or feeding of glucose (10) will decrease the amount of ketones in 
the urine, but have no influence on their oxidation by fhe muscles. 

It, therefore, became of interest to determine whether the 
effects noted by Deuel and others are actually due to differences 
in rates of acetone body utilization, or some other factor such as 
a difference in the rate of acetone formation. In order to eliminate 
the possible influence in sex on spontaneous ketogenesis, it was 
necessary to study conditions in which ketone formation by the 
animal was ata minimum. This can be achieved by studying fed 
animals which have received an injection of glucose; under such 
conditions endogenous ketogenesis is negligible (11). 

In order to obviate the effects of absorption, diffusion, variable 
rates of excretion, and spontaneous acetone body formation, we 
have studied the disappearance of intravenously administered 
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acetone bodies (8-hydroxybutyrate) from the whole bodies of fed 
rats, both nephrectomized and non-nephrectomized. The amount 
utilized by an animal was computed by determining the difference 
between the amount of acetone bodies injected and that found 
in the animal after a definite interval of time. 


Methods 


This study was carried out with fed male and female rats from 
our colony which were kept on a stock diet' until a few minutes 
before the beginning of the experiment, and which then received 
an intraperitoneal injection of glucose. In order to prevent the 
excretion of injected acetone bodies and also to prevent any 
metabolic influence that the kidney itself may have in acetone 
body destruction, one group of animals was subjected to bilateral 
nephrectomy under ether anesthesia. Imntediately after the 
completion of the operation, the animals received an intraperi- 
toneal injection of a 20 per cent glucose solution, in a dosage of 100 
mg. per 100 gm. of body weight. After recovery from the anes- 
thesia, the animals were given an intravenous injection of synthetic 
sodium $-hydroxybutyrate. 

In order to eliminate the possible effects of anesthesia on acetone 
body utilization, similar studies were made with a group of non- 
nephrectomized rats. These, after receiving the intraperitoneal 
injection of glucose and the intravenous injection of §-hy- 
droxybutyrate, were placed in 1 liter beakers for the collection of 
the excreta. 

The dosage of the 8-hydroxybutyrate was between 8 and 9 mm 
per kilo of body weight and was administered by means of a 
tuberculin syringe. 

At the completion of the experimental period of 20 or 40 minutes, 
the animals were killed by a blow on the back of the neck. The 
carcass was then ground up in an ordinary meat grinder, with 
thorough mixings between each grinding until a homogeneous 
mixture was obtained. In the case of the non-nephrectomized 
animals, the excreta were mixed with the ground tissue; the total 
acetone bodies found represented the amount remaining in the 
body plus that excreted. 


' The stock diet employed was Purina Fox Chow. 
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Extracts of the ground rats were prepared and their total acetone 
body contents determined by the procedures outlined in a previous 
report (11). 

For the determination of the acetone bodies present in the rat 
at the time of injection, control animals for each group were killed 
40 minutes after the injection of glucose, and subsequently 
analyzed as above. This gave a measure of the probable initial 
acetone body content of the experimental groups. 


TABLE | 
Utilization of Acetone Bodies by Fed Male and Female Rais 
| | Ex- | 6-Hy- | Total | | ko 


| - | Aver- 
| No. | peri- | | droxy- acetone Acetone body utiliza-| }*)- 
Sex of men- boty | buty- | bodies ition per experimental | - F 


|_| |pertol ht tied leorered| Starnes 
nel ams sa ine  e 
| fe min. | gm. pe nape mM per kg. | 
Nephrecto- | M. | 10 | 20 | 166 | 8.31 | 5.72 | 2.50¢ (40.212) 02 
mized | F. | 20 | 20 | 151 | 8.45 | 5.82 | 2.63 (+0.087) ‘ 
| M.! 10 | 40 | 176 | 8.26 | 3.30) 4.96 (+0.171) 0.2 
| F. | 20 | 40 | 148 | 8.40 | 3.49) 4.91 (40.116) | 
Non-nephrec- M. 10 | 20 | 176 | 8.60 | 4.40 | 4.20 (+0.102) | 0.1 
tomized | F. | 10 | 20 | 161 | 8.53 4.35 | 4.18 (40.165) ~~ 
| M. | 10 | 40 | 164 | 8.60 2.21 | 6.39 (+0.061) | 4, 
F. | 10 | 40 | 166 | 8.60 2.49 6.11 (40.116) ~ 


° ‘(Difference of means)/(standard error of difference). Standard error 


of difference = \(s.e.mM.1)? + (s.B.M.2)*. 


Results 


In a previous report, data were presented which demonstrated 
that there are only negligible amounts of acetone bodies in the 
carcass of glucose-treated rats. The controls for the present 
study likewise revealed no appreciable amounts of acetone bodies, 
the average content of fifteen female and eight male rats being 
0.02 mm per kilo. Hence, corrections for the initial acetone body 
content were not necessary in the experimental groups. 

All of our pertinent data are summarized in Table I. 

With individual variations in the utilization of from 3.86 to 5.59 
mo per kilo by male and 3.66 to 5.76 mm per kilo by female 
nephrectomized rats, the averages of the two groups, 4.96 mM per 
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kilo for males and 4.91 for females, show no significant difference. 
Statistically, this is corroborated by the reliability of the difference. 
Similarly the means of the ketone utilization during a 20 minute 
period by ten male and twenty female nephrectomized rats are 
practically identical. 

As in the case of the nephrectomized animals, the rate of dis- 
appearance of acetone bodies from the intact rats reveals insignifi- 
cant differences in utilization by the two sexes. However, it is of 
interest to note that the anesthesia and operative manipulation 
result in a decrease in the rate of acetone body utilization, irre- 
spective of sex. Unpublished data reveal that this decrease is not 
due to removal of the kidney per se. 


DISCUSSION 


It has been proposed for some time that the utilization of acetone 
bodies is dependent upon the simultaneous oxidation of available 
carbohydrate, since upon the administration of glucose during 
fasting the ketone content of blood and urine is diminished. 
However, studies in our laboratory have revealed that when the 
spontaneous ketogenesis of fasting animals is taken into account, 
there is no significant difference in the rates of oxidation of acetone 
bodies by fed or fasted animals (11). Similar conclusions have 
been reached by Waters, Fletcher, and Mirsky working with the 
heart-lung preparation (12) and by Dye and Chidsey working 
with dogs (13). Therefore, the influence of glucose must be due 
to some antiketogenic action, and not to a stimulation of acetone 
body oxidation by the muscles. 

The data on the relationship of sex to ketone utilization show 
no significant differences in the rates of utilization of administered 
acetone bodies by male and female rats. Since ketosis and conse- 
quent ketonuria are dependent on differences between acetone 
body formation and utilization, and since we have found the latter 
to be identical in both sexes, it is probable that the observed 
sexual differences in ketonuria must be due to variations in 
ketone formation. Thus, it follows that the greater ketonuria in 
fasting human females observed by Deuel may be due to a greater 
formation of acetone bodies by this sex, which in turn may be 
related to the rapid depletion of liver glycogen consequent to the 
higher rate of glycogenolysis or more labile glycogen found in 
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females (6). That various authors found little difference in the 
amount of acetone bodies excreted by fasting male and female 
rats may be traced to the minute quantities involved, for, as 
stated above, when the rate of endogenous ketogenesis is increased, 
the difference in ketonuria becomes apparent. 


SUMMARY 


1. It was observed that there are no significant differences in the 
rates of utilization of acetone bodies by male or female rats. 

2. The sex difference in ketonuria observed by others probably 
is due to variations in endogenous ketone formation. 
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The isolation of the proteolytic enzymes and the proteins of 
malignant and normal tissues was undertaken in order to study 
more closely the problem of malignant growth and regression. 
Our previous work (1) presented evidence that a reversal of pro- 
teolysis, as shown by an increase in the protein precipitable by 
trichloroacetic acid, can occur in autolysates of tumor and normal 
tissues under certain conditions of oxygenation, concentration of 
substrate, and hydrogen ion concentration. These controlling 
factors in the cell are dependent in part upon the respiratory, 
carbohydrate, and other enzyme systems whose activity in the 
tissue autolysates may affect the proteinase. 


Method of Concentration of Catheptic Enzyme 


Preliminary experiments had shown that water-clear extracts of 
tumor and liver tissue were more proteolytic after the tissues had 
been allowed to autolyze in buffer or water suspensions. This 
indicated that the enzyme was closely associated with the proteins 
or other constituents of the cell and was not a free agent which 
could be washed from the cellular débris after freezing and grind- 
ing. Further experiments showed that practically all of the pro- 
teinase activity was precipitated with ammonium sulfate at 40 
per cent saturation (28 gm. per 100 cc.). These globulin precipi- 
tates were autolytic, even at 5°, while the supernatant fractions 
containing albumin showed little or no autolysis, even upon in- 
cubation under suitable conditions for proteinase activity. After 
this association of the catheptic enzyme with the globulin fraction 
was established, a more direct procedure for obtaining the globulin 
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from the tissues was used, without the initial autolysis and the 
slow filtration necessary to obtain a water-clear extract. 

Attempts to separate the proteinase from the globulin fraction 
by solution and reprecipitation were not successful. It was found, 
however, that the most enzyme was liberated upon incubation of 
the globulin precipitate at 38° with citrate buffer, at pH 5.0 in the 
presence of potassium cyanide or cysteine. The filtrate from this 
slightly digested globulin fraction contained a proteinase which 
could be precipitated by full saturation with ammonium sulfate. 
The slight precipitate appeared as a white froth on the surface 
of the solution. It was readily soluble in water, and after dialysis 
could be dried in vacuo while frozen. There sometimes appeared 
a slightly colored amorphous precipitate with low proteinase activ- 
ity upon saturation with ammonium sulfate, but this could be 
removed by centrifuging before drying. The procedure for the 
separation of the tissue cathepsin is given in detail below. 

The malignant tissue was obtained from Jensen rat sarcomata' 
which had been transplanted into the muscles of the leg. The 
sarcoma tissue was separated as far as possible from necrotic and 
normal tissue. After decapitation, the normal livers of the tumor- 
bearing animals were perfused in situ, in order to remove excess 
blood. The tissues were immediately frozen and kept frozen until 
used. 400 gm. of frozen tissue were put through a meat grinder 
and then ground in a mortar. The tissue was immediately ex- 
tracted with 4 liters of ice-cold, 1.2 m potassium chloride with 
mechanical stirring for 1 hour while packed in ice. The pH was 
adjusted to 7.0 with dilute potassium hydroxide. This extraction 
is similar to the procedure described by Edsall (2) for muscle pro- 
teins. The suspension was filtered through fine gauze and the 
filtrates were centrifuged to remove the finer suspended material. 
Solid ammonium sulfate was added to 40 per cent saturation and 
the mixture was stirred mechanically for a few minutes. The 
hydrogen ion concentration was adjusted to pH 5.7 to 6.0 with 
dilute acetic acid. The precipitated globulin was washed three 
times with half saturated ammonium sulfate solution, and dialyzed 
in cellophane sacs against running tap water cooled to 10°. The 
pseudoglobulin which was in the supernatant of the euglobulin in 


1 1am indebted to Dr. J. W. Thompson of this laboratory for the tumor 
material. 
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the dialyzing sacs was found to contain proteinase, and could be 
combined with the euglobulin by acidification with a few drops of 
dilute acetic acid. The combined pseudoglobulin and euglobulin 
precipitates were washed four times with acidulated water in the 
centrifuge. The pH of the wash was kept below 5.0 and above 3.0, 
with acetic acid. This globulin fraction was used both for the 
preparation of the purified cathepsin and for substrate. Toluene 
was used as a preservative. 

When used for substrate about 125 ec. of closely packed globulin 
precipitate were diluted to 250 cc. with water and heated for at 
least 8 hours at 70-80° in a centrifuge bottle immersed in a water 
bath. This period of heating usually destroyed all the proteolytic 
activity, but the globulin precipitate was subjected to longer heat- 
ing at 80°, if a test indicated that autodigestion occurred when a 
portion was incubated at 38° with buffer at 4.0, and potassium 
cyanide or cysteine was added as activator. 

Since the globulin preparations are autodigestive even in the 
cold, some of the enzyme can be washed from the globulin with 
buffer at pH 5.0. Repeated washing of the globulin precipitate 
showed that the third washing contained only a small quantity 
of enzyme. Incubation of this washed globulin precipitate 
at 37° for 20 hours in citrate buffer at pH 5.0 containing 2 mg. of 
cysteine hydrochloride or of potassium cyanide per cc. liberated 
a more active proteinase in considerable quantity. After three 
washings and eleven digestions one tumor globulin fraction still 
yielded a small quantity of enzyme. 

The filtrates from the washing and digestion mixtures were 
saturated with solid ammonium sulfate. The precipitate was 
carefully collected on the sides of a Buchner funnel, with mild 
suction, and dialyzed in small cellophane sacs against ice-cold 
distilled water. The solution was centrifuged if necessary to 
remove a smal] amount of amorphous protein of low proteinase 
content and then dried in a Flosdorf-Mudd (3) lyophile apparatus 
in which the material is dried in the frozen state. This catheptic 
preparation can be freed from any pigment which may be present 
by adsorbing the impurity on a 1 per cent bentonite suspension in 
citrate buffer at pH 5.0. This purification procedure involves 
considerable loss of enzyme, and the snow-white product obtained 
has the same lytic activity as the original preparation. 
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The cathepsin readily dissolves in water to give a dark brown 
solution, which is coagulated by heat. The nitroprusside test for 
sulfhydryl is positive when the enzyme is freshly prepared, but 
oxidation is rapid. The preparation is strongly autodigestive. 
When 60 mg. of liver cathepsin were incubated with 12 mg. of 
cysteine in 6 cc. of buffer at pH 4.0, 41 per cent of its protein 
nitrogen was digested in 3 hours and 69 per cent in 20 hours. 


TABLE | 


Effect of Hydrogen Ion Concentration on Proteinase Activity of a Purified 
Tumor Cathepsin, T-27, on Liver Globulin Substrate 


Each cc. of digest contained 1.5 mg. of tumor cathepsin, liver globulin 
substrate containing 4.3 mg. of protein nitrogen, and 2 mg. of cysteine 
hydrochloride in buffer solution. Sérensen’s citrate buffers were used 
when the pH was 2.5 to 5.0, and m/15 phosphate buffers were used for pH 
6.0, 7.0, and 8.0. All hydrogen ion concentrations were adjusted with a 
glass electrode. The results are given for the proteinase action in | ce. 
of digest after 3 hours aerobic digestion at 38°. The nitroprusside reaction 
for sulfhydryl was strongly positive after digestion in all of the digestion 
mixtures. 





pH Change in protein N 
mg. 

2.5 0 

3.0 —0.10 

3.5 —0.54 

4.0 —1.10 

4.5 —0.46 

5.0 —0.31 

6.0 —0.13 

7.0 0 


8.0 +0.22 


Quantitative evidence of its autosynthetic activity has not been 
obtained as yet. 

This cathepsin also exerts peptidase activity, which has a lower 
pH optimum and which reacts differently to activators which ac- 
celerate the proteinase. The peptidase activity as well as the 
synthetic phase of the proteinase will be discussed in later papers. 


Activity of Catheptic Enzyme 


The catheptic nature of the preparations was determined by 
experiments which showed, (1) inactivation on heating, (2) an 
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optimal pH for activity, (3) an increase of lytic activity with 
increase in quantity of enzyme, (4) the activating effect of reducing 
substances, such as potassium cyanide and cysteine. 

Only the proteinase or protein-digesting activity of the enzyme 
is described here. The protein substrates employed were heated 
tumor and liver globulin, fibrin, and hemoglobin. The prepara- 
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Fic. 1. Activity curve for the proteinase action of a liver cathepsin 
preparation on liver globulin substrate. Each ec. of digest contained 6.0 
mg. of globulin protein nitrogen, 2 mg. of cysteine hydrochloride, and cit- 
rate buffer at pH 4.0 with varying quantities of enzyme. The results are 
given in mg. of protein nitrogen digested in | ec. of digest after 3 hours 
aerobic digestion at 38°. 


tion of the globulin preparations for use as substrates has been 
described above. An 8 per cent suspension of desiccated fibrin 
(Difco) was prepared by emulsifying powdered fibrin in phosphate 
buffer at pH 7.4 (4). This stock suspension was diluted before use. 
The hemoglobin was prepared by dialyzing under pressure horse 
red blood cells which had been washed repeatedly in cold physio- 
logic salt solution. After centrifuging, the hemoglobin was dried 
in the Flosdorf-Mudd lyophile apparatus. 
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The method used for the determination of the protein nitrogen 
present in the digests was the same as that described in previous 
papers (1). The protein nitrogen in | cc. of digest was precipitated 
with 4 cc. of 20 per cent trichloroacetic acid in a 15 cc. centrifuge 
tube. After centrifuging, the clear supernatant fluid was poured 
off and the precipitate transferred to a digestion tube for digestion 
in sulfuric acid with the aid of a few drops of 30 per cent hydrogen 


TaBLe II 

Effect of Activators on Proteinase Activity of Liver and Tumor Cathepsins 

Each cc. of digest contained 1.5 mg. of dried enzyme and 2 mg. of potas- 
sium cyanide or 2 mg. of cysteine hydrochloride. The liver globulin digest 
was kept at pH 4.0, and the hemoglobin digest at pH 3.5 with citrate buf- 
fers. The fibrin was digested at pH 7.1 in phosphate buffer. The total 
volume of digest was 8 cc. The digests were incubated aerobically. The 
results are given for 1 cc. samples. 








|Protein eit Change in protein N 

Enzyme | Nin | Substrate ( sup | Activator (  — _ 
yee strate | 3 hrs. | 18 brs. 

mg. | | ™e | mg mg. 

Tumor Cathep- | 0.11 | Liver glob- 3.0 | -0.16 —0.16 
sin T-26 | ulin KCN —0.61 —0.56 
Cysteine | —0.71 —0.59 
Tumor Cathep- | 0.11 | Fibrin 7.46 —0.12 | —0.05 
sin T-26 | Cysteine | —0.73 | —0.76 
Liver Cathepsin, 0.11 | Hemoglo- | 3.03 —0.22 | —1.00 
L-12 | bin | KCN —0.69 | —1.67 
| Cysteine —0.84 —1.79 

Tumor Cathep- | 0.11 | = —0.045* —0.076* 


sin T-26 





* These figures are the proportional values, calculated from the auto- 
digestion of 60 mg. of tumor Cathepsin T-26. 


peroxide. The direct nesslerization described by Koch and 
McMeekin (5) was used. 

Test solutions containing 12 mg. of tumor cathepsin in 6 cc. of 
citrate buffer at pH 4.0 were heated at 60° and 80° for } hour and 
lhour. After the heating, 2 cc. of liver globulin substrate and 16 
mg. of cysteine hydrochloride were added to each enzyme sus- 
pension and the digests were incubated. There was complete 
inactivation of the enzyme which had been subjected to } hour’s 
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heating at 80° or 1 hour’s heating at 60°. After 4 hour’s heating 
at 60°, the rate of digestion by the enzyme was definitely lowered, 
although after 20 hours the amount of protein digested was equal 
to that digested by the unheated enzyme. 

The optimal pH for the digestion of liver globulin substrate by 
tumor cathepsin was found to be pH 4.0 (see Table I). 

As shown in Fig. 1, increasing amounts of tumor cathepsin di- 
gested increasing quantities of liver globulin. 

The stimulating effect of potassium cyanide and cysteine on the 
proteinase action of the liver and tumor cathepsin is clearly demon- 
strated in Table II. 


DISCUSSION 


In only a few of the many studies on the proteolytic activities of 
normal and tumor tissues have attempts been made to isolate the 
enzyme from the tissue. Glycerol and water extracts of tissue 
have been used, and the most common substrates have been 
gelatin, casein, and fibrin. In view of the recent excellent reviews 
by Bradley (6) on autolysis and by Pozzi (7) on cathepsin this 
literature will not be reviewed here. Recently, Anson (8) has 
described a method for obtaining an active proteinase solution 
from an autolysate of beef liver, but this method was not applicable 
to the relatively small quantities of rat tumor available. 

The very close relationship which has been demonstrated be- 
tween the globulin fractions and their autolyzing enzymes is 
familiar to many who have attempted to store protein suspensions 
in the cold. Unless the enzymes have been inactivated by means 
which may also denature the proteins, autolysis often occurs. The 
liberation of the enzyme upon repeated digestion of the globulin 
fraction suggests that the enzyme has not only functioned synthet- 
ically to build the special proteins of the cells, but may form a 
part of the complex protein of the tissues. However, the poor 
correlation between the degree of digestion and the amount of the 
cathepsin obtained permits the possibility that the enzyme is 
formed autocatalytically from the products of the relatively slight 
digestion at pH 5.0. Bergmann and Niemann (9) believe that the 
endocellular proteinases play the réle of specific chemical organ- 
izer: “As the protein molecule is assembled from hundreds of 
thousands of amino acids according to a well defined plan, there 
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appears to be no other choice than to assume that the synthesis 
of each of these gigantic molecules is controlled by a specific 
chemical organizer.” The lack of specificity exhibited by these 
purified cathepsins from liver and malignant tissue in their ability 
to digest the proteins of other organs, as well as fibrin and hemo- 
globin, confirms the earlier work with autolysates and glycerol 
extracts of tissues. 


SUMMARY 


A method for the separation of cathepsin from malignant and 
normal tissues is described. The relation of the proteinase to the 
globulin fraction of the tissues is discussed. 

The catheptic nature of the preparations is demonstrated by 
their proteinase action on tissue globulin, fibrin, and hemoglobin. 

The dried cathepsin is highly autodigestive. Its water solution 
is heat-coagulable and gives a strongly positive nitroprusside 
test for sulfhydryl when freshly prepared. 
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Little is known about the metubolism of the rare oligosac- 
charides. Kuriyama and Mendel (1917) found no noteworthy 
amounts of glycogen in the liver following administration of raffi- 
nose to fasting white rats, and could not demonstrate the presence 
of raffinase in a number of animal tissues and fluids, including the 
mucous membrane of the small and large intestine of a dog and 
of a rabbit. 

Obviously utilization of the oligosaccharides depends on the 
presence of appropriate enzymes to split them into the constituent 
monosaccharides. The mammalian gut is provided with enzymes 
to hydrolyze lactose, maltose, and sucrose, a 6-galactosidase, an 
a-glucosidase, and a glucosucrase respectively. The evidence is 
strong that the glucosucrase is an a-glucosidase, possibly identical 
with the one acting on maltose. Weidenhagen (1932) has re- 
viewed the evidence for the existence of two dissimilar sucrases, 
this one and a fructosucrase, 6-h-fructosidase, that hydrolyzes 
raffinose and gentianose as well as sucrose. The reported ab- 
sence of a raffinase from the mammalian intestine, in good agree- 
ment with the failure of utilization of raffinose in the animal body, 
indicates that the alimentary tract does not contain a 8-h-fruc- 
tosidase. As glucosucrases have been reported to split not only 
sucrose but also melezitose, it is to be expected that melezitose 
would be digested to give utilizable monosaccharides. Turanose 
an a-glucosidofructose and trehalose a-glucosido-a-glucoside might 
also be digestible. 

To obtain evidence concerning the enzymes of a mammalian 
intestine, and information about the metabolism of these rare 
Sugars, it has seemed of interest to ascertain the glycogenetic 
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abilities of melezitose, melibiose, turanose, and trehalose, in com- 
parison with those of raffinose and glucose. 


EXPERIMENTAL 


The experimental technique in general was quite similar to 
that employed by Deuel and associates (1934). A sugar under 
study, 1.6 mg. per sq. em. of surface, about 0.5 gm. for an experi- 
ment, in a 10 per cent solution, has been administered by stom- 
ach tube to an adult white rat, deprived of food for 24 hours. 


TaBLe | 
Glycogen in Liver of White Rats, Following Administration of a 
Number of Sugars 





| ion | 
[No.of at [Abrorre Glycogen range Average 








Ars. per cent | per cent 
ees eis ah eatis. eo 8 | 0.10-0.14 0.12 
a: ae pie > 0.05-0.13 0.11 
| Se ae eee ee aa 8 0.26-1.07 0.66 
La Syl een seed BB | 9 0.24-1.53 | 0.75 
Melezitose................. Neg ole, 0.92-2.30 | 1.49 
ba S Cee ee | & | 9 | 0,441.35 0.84 
Ae ee ee ie a 0.67-2.10 | 1.65 
OS a ee a eee wee: lhU 
| ESS eee | 12 s | 0.28-1.19 0.81 
ip ees oT 0.23-0.73 0.69 
Me... Pose aeeece cs. 5 8 | 0.12-0.35 0.19 
RIO: BELL Pieri cy ate 1 w | 9 | 0.10-0.17 0.14 
Melibiose................ 2 8 | 0.15-0.16 0.16 
RT eee 8 9 


0.10-0.31 0.14 





After 8 or after 9 hours, the liver has been removed rapidly from 
the living animal under nembutal anesthesia, and submerged 
immediately beneath 30 per cent KOH for the determination of 
glycogen according to the procedure of Good, Kramer, and 
Somogyi (1933). 

Melezitose has been obtained from Eimer and Amend; trehalose 
and melibiose, from B. L. Lemke. Raffinose has been prepared 
from cottonseed meal, and turanose has been prepared by the 
partial hydrolysis of melezitose, as described by Hudson and Pacsu 
(1930). We are indebted to Professor Hudson for a sample of 
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turanose to use as seed to facilitate crystallization. The specific 
rotations and melting points of the sugars have been in good 
agreement with those reported in the literature. 

Table I presents a summary of the results. No significant 
difference appeared between the amounts of glycogen stored by 
males and females. Each sugar has been studied by two indi- 
viduals, the experimental procedure differing only in the time 
between feeding and excision of the liver. There is observable a 
distinct deposition of glycogen, in amounts even exceeding those 
with glucose, following the administration of melezitose, turanose, 
and trehalose, but not after the administration of raffinose and 
melibiose. 

These results are explainable on the basis that the intestinal 
tract lacks a 8-fructosidase and an a-galactosidase, but does con- 
tain an a-glucosidase splitting melezitose and turanose as it does 
sucrose and maltose. Gorbach and Schneiter (1938) have con- 
cluded that the enzyme in an extract from bees that completes 
the hydrolysis of melezitose is apparently identical with the 
sucrase of bees, a glucosucrase or a-glucosidase. While trehalose 
as an a-glucoside might be expected to be hydrolyzed by the 
same a-glucosidase, it has been reported that there is a special 
trehalase distinct from the a-glucosidase, maltase (Armstrong and 
Armstrong (1934), p. 194). Fischer and Niebel (1896) have re- 
ported that trehalase was detectable in some vertebrate tissues, 
but that the distribution was not identical with that of maltase. 
As trehalose is hydrolyzable by acids with considerable difficulty 
(Armstrong and Armstrong (1934), p. 192), it seems unlikely that 
the glycogen formation is made possible by any process other than 
an enzymatic one. There is no reason to assume direct conver- 
sion of trehalose to glycogen without antecedent liberation of 
glucose. 


SUMMARY 


1. The glycogen of the liver of fasting white rats has increased 
following the enteral administration of melezitose, turanose, and 
trehalose, but has not increased significantly after the enteral ad- 
ministration of raffinose and melibiose. 

2. These results with raffinose and melibiose may be interpreted 
to indicate the absence of a 8-fructosidase and of an a-galactosi- 
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dase in the alimentary tract of the adult white rat. The results 
with melezitose and turanose are attributable to the action of an 
a-glucosidase, possibly identical with maltase. The results with 
trehalose indicate the presence of trehalase, an a-glucosidase dif- 
fering perhaps from maltase. 
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It has been shown that the activity of the d-amino acid oxidase of 
rat liver is increased by thyroid feeding (1). The d-amino acid 
oxidase is composed of a specific protein and a flavin-adenine 
dinucleotide (2). Both components have been highly purified 
(2,3). The dinucleotide is a component of other oxidases (2, 4-7). 

According to the work of Warburg and Christian (2) the rela- 
tion between the activity of the oxidase, i.e. the rate of oxygen up- 
take in the presence of d-amino acids, and the concentration of 
flavin and protein can be expressed by the equation 


Rate of oxygen uptake = constant X (flavin) x (protein) (1) 


The equation indicates that an increase in the concentration of 
flavin or protein will increase the activity. 

In the present work data have been obtained that are consistent 
with the assumption that the increase in activity of the oxidase 
is due to an increase in the concentration of the protein component. 


Methods 


The estimation of the flavin-adenine dinucleotide concentration 
of the liver was made by the method of Warburg and Christian 
(2). They found that the relation between the rate of oxygen up- 
take produced by varying concentrations of flavin in the presence 


* Part of the data in this paper was taken from the thesis presented by 
J. R. Klein to the Graduate School of Arts and Sciences of Duke University 
in May, 1939, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 
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of a fixed concentration of protein and amino acid is given by the 
equation 





(2) 


K is a constant; c is the concentration of flavin producing rate V; 
V.. is the rate in the presence of an excess of flavin. When V is 
0.5 V., c is equal to K. The method is based upon this fact. 


TABLE I 
Determination of Value of K in Equation 2 


The alanine was placed in the side arms of the vessels, the other materials 
in the wells. The flavin was added in the form of a solution of the barium 
salt in water. The volume of the solution of the barium salt is included 
in the column for water. The concentrations of flavin are expressed as 7 of 
free flavin-adenine dinucleotide per 2.5 ml. and per 1 ml. The latter con- 
centration is c. The final concentration of dl-alanine was 0.05 m. The 
insets contained alkali. The gas space was filled with oxygen. The tem- 
perature was 38°. 


0.2510 (0.25 | 0.25 | 0.25 | 0.25 | 0.28 | 0.25] 0 


Protein solution, ml. 
0.1 Mm pyrophosphate 

















| | 

buffer, pH 8.3, ml.\0.750.75| 0.75 | 0.75 | 0.75 | 0.75 | 0.75 | 0.75! 0.75 
dl-Alanine in pyro-| | | | | 

phosphate buffer, | 

ml................/0.40/0.40 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40) 0.40 
Water, ml.......... 1.10/1.35 1.10 | 1.10 1.10 (1.10 | 1.10 | 1.10) 1.35 
Flavin, yper2.5ml.0 0 (0.1 |0.2 |0.4 |0.6 |0.8 80 80 

“ —y “ml. (c)0 j0 | 0.04 | 0.08 | 0.16 | 0.24 | 0.32 32 32 
O, uptake, micro- 

liters per 10 min. | | | | 

| gS o fi fo 2 38 ft rz jo 
leet 6. |3 40 |34 |28 |o | 
gies Pe Raa —t | | oe 0.223) 0.200! 0.215) 0.204) 





Mean value of K = 0.213 y of flavin per ml. 


The constant, K, was determined (Table I) on the protein made 
from pig kidney, as described by Warburg and Christian (2). 
The final solution was used without drying. The flavin was 
prepared as the barium salt from bakers’ yeast by the procedure 
described (2). The oxygen uptakes were measured in the usual 
Warburg apparatus. 

The value of K, 0.213 y of flavin-adenine dinucleotide per 1 ml., 
depends primarily upon the purity of the barium salt. It should 
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be considered as an approximation. However, as is pointed out 
later, the value is in reasonable agreement with that found by 
Warburg and Christian (2). 

The estimation of the flavin in rat liver was carried out as 
follows: 1 gm. of liver was ground with sand and 9 ml. of water. 
The mixture was squeezed through coarse muslin. It was then 
heated at 80° for 15 minutes. The mixture was then diluted 
with water so that 1 gm. of liver was contained in a volume of 10 
ml. The mixture was centrifuged. Aliquots of the super- 
natant liquid were tested with the protein solution characterized 


Tase II 
Estimation of Flavin Concentration of Liver 


The well of each vessel contained 0.25 ml. of the same protein solution 
as used in Table I, 0.75 ml. of 0.1 m pyrophosphate buffer, pH 8.3, and an 
aliquot of the liver extract. The liver was from a control rat. The side 
arms of the vessels contained 0.4 ml. of dil-alanine. The final concentration 
of alanine was 0.05m. The final volume was 2.5 ml. The inset contained 
alkali. The gas space was filled with oxygen. The temperature was 38°. 


Volume of liver extract Oxygen uptake per 10 min. 
ml, microliters 
0.05 33 
0.10 46 
0.15 53 
0.25 | 60 
0.35 64 
1.10 73 





in Table I and dl-alanine. The data for a typical determination, 
and the calculation of the flavin concentration, are given in 
Table II. 

There was no oxygen uptake with any of the controls, protein, 
protein plus alanine, protein plus extract, extract plus alanine. 

The aliquots are plotted against uptakes. The aliquot pro- 
ducing one-half the maximum rate, i.e. 36.5 microliters of O, per 
10 minutes, was 0.06 ml. Therefore 0.06 ml. of the liver extract 
produced a concentration of flavin of 0.213 y per 1 ml. (Equation 
2, in which c = K). Since the final volume was 2.5 ml., the 
amount of flavin in 0.06 ml. was 0.533 y. The liver contained 
89 y of flavin-adenine dinucleotide per 1 gm. of fresh tissue. 
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Duplicates agree within at least 20 per cent. The loss of flavin 
added to the liver extract, before or after heating, in amounts from 
5 to 20 y per gm. of liver, was not greater than 20 per cent. 

The flavin used in the recovery experiments, and in the experi- 
ments described later, was a partially purified product obtained 
from bakers’ yeast, as described by Warburg and Christian (2). 
The aqueous extract of the cresol fraction was used. The solution 
was standardized by the method described. 

The stability of the flavin-adenine dinucleotide in the liver 
extract, as measured by the activity of the extract in the alanine 
test, is indicated by the following experiments. Heating the 
liver extract for 20 minutes instead of the prescribed 15 did not 
change the activity. A loss of activity of approximately 10 per 
cent occurred when the extract was kept for 1 hour at room tem- 
perature before heating. No loss of activity occurred when the 
heated extract was kept for 1 hour at room temperature, or 18 
hours in the refrigerator. 

The absolute values of the concentration of the flavin in liver 
depend upon the identity of the specific flavin of rat liver with that 
of yeast; and, granting the identity, upon the purity of the barium 
salt employed. The value of K, 0.213 y of free flavin-adenine 
dinucleotide per 1 ml., obtained from the data in Table I compares 
reasonably well with the value, 0.196 7 per ml., given by Warburg 
and Christian (2). The values are comparable, since the concen- 
tration of protein used in the present work, estimated as the 
maximum rate in the presence of excess flavin, was 28.8 micro- 
liters of O, per ml. of solution per 10 minutes, while that used by 
Warburg and Christian was 31.2. The difference between the 
constants may be due to the difference in the source of the protein, 
which was pig kidney in the present work and sheep kidney in that 
cited. Assuming the constant given by Warburg and Christian 
to be correct, the values reported here are too high by the ratio 
0.213: 0.196. 

Whatever the absolute values, the method seems suitable for 
comparative purposes. A variant of the method has been used 
by Straub (4). 

Experimental hyperthyroidism was produced in albino rats 
by feeding 2 grains of commercial thyroid daily for 5 days or longer. 
The control animals were fasted 18 to 20 hours before use, the 
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thyroid-fed 8 to 10 hours. The weights of the animals when used 
were between 180 and 220 gm. 

Broken cell preparations were made by grinding liver with sand 
and buffer solution, then squeezing the mixture through coarse 
muslin. 


EXPERIMENTAL 


Effect of Addition of Flavin upon Activity of d-Amino Acid Oxidase 
of Liver—The addition of sufficient flavin to the reversible system 
flavin + protein — oxidase will convert practically all of the pro- 
tein into the oxidase. In the presence of an excess of flavin the 
factor limiting the activity of the oxidase will be the concentration 
of protein. Based upon these considerations, broken cell prepara- 
tions of liver from control and thyroid-fed rats were compared with 
respect to their concentration of specific protein. The activities 
of the preparations were tested with and without added flavin in 
the presence of various amino acids. The flavin was present in 
excess ; 7.e., additional flavin produced no increase in uptake. The 
results are given in Table III. 

Assuming that no change in the nature of the specific protein has 
occurred, and that no catalytic effect mediated by the ingested 
thyroid is operating, it may be concluded from the data in Table 
III that the increase in activity produced by thyroid feeding is 
due in part to an increase in the concentration of protein. The 
data also show that the factor limiting the oxidation of the amino 
acids by the liver preparations is the concentration of flavin. 

Flavin Concentration of Rat Liver—The livers of control and 
thyroid-fed rats were tested for their concentration of flavin by the 
method described. The results obtained are given in Table IV. 

The data show that thyroid feeding had no effect upon the con- 
centration of the flavin in liver. 

Effect of Partial Purification of Oxidase Protein—Livers from 
both groups were treated as follows: All of the steps were carried 
out with ice-cooled materials, or in the refrigerator. Broken cell 
preparations were made with 0.2 gm. of tissue plus 2 ml. of 0.01 
M pyrophosphate buffer, pH 8.3. 0.5 volume of saturated ammo- 
nium sulfate was added. The precipitate obtained by centrifuga- 
tion was resuspended in enough 0.05 m pyrophosphate buffer, 
pH 8.0, to make a volume equal to 0.5 that of the original prepara- 
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Taste Ill 
Effect of Added Flavin upon Activity of Broken Cell Preparations of Liver 
from Control and Thyroid-Fed Rats 

The concentration of liver in the preparation was 0.2 gm. plus | ml. of 
0.05 m phosphate buffer, pH 7.8. Each vessel contained | ml. of this prepa- 
ration. The concentration of amino acid was0.018M. 180 y of flavin were 
added in the form of the crude extract. The final volume was2 ml. The 
insets contained alkali. The temperature was 37.5°. The values are the 
differences between the oxygen uptakes in the presence of the amino acids 
and the uptakes without the amino acids, in microliters of O, per 30 minutes. 
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tion. The loss of activity was approximately 10 per cent. The 
increase in activity per unit of liver solids was about 6-fold. 

1 ml. of the final suspension was tested with amino acids with 
and without added flavin. The results obtained with preparations 
from control and thyroid-fed rats are given in Table V. 

The data in Table V show that the increase in the activity of the 
oxidase of liver produced by thyroid feeding is independent of the 
material not precipitated by one-third saturation with ammonium 
sulfate. In addition the data suggest the same conclusion as was 
drawn from the data in Table ITI. 


TaBie IV 
Flavin Concentration of Livers from Control and Thyroid-Fed Rats 
The results are given in y per gm. of fresh tissue. 





Control rats Thyroid-fed rats 
31 36 
45 45 
49 49 
59 49 
59 59 
66 59 
76 66 
89 76 
Mean... 60 54 


Precipitates obtained as described above were washed with 
one-half saturated ammonium sulfate solution. This produced 
no change in activity. The activity was measured under the 
conditions described in Table V, with 0.05 m dl-alanine and 180 y 
of flavin per2ml. Precipitates from control livers were suspended 
in the supernatant fluid from experimental livers, and the precip- 
itates from experimental livers in the supernatant fluid from 
control livers. The activities of the latter mixtures were greater 
than the activities of the former. These experiments likewise 
indicate that the increase in activity is not due to material soluble 
in one-third or one-half saturated ammonium sulfate solution. 

To remove the residual flavin the precipitates were resuspended 
in enough buffer to give a concentration of 1 gm. of original tissue 
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plus 2 ml.; 0.3 volume of saturated ammonium sulfate was added; 
the material was made just acid to Congo red paper with 0.1 N 
hydrochloric acid. The material was centrifuged. The precip- 
itate was resuspended in enough buffer (0.05 m pyrophosphate, 
pH 8.3) to give a concentration of original tissue of 1 gm. plus 
2 ml. This mixture showed no activity without added flavin. 
The loss of activity was approximately 35 percent. The difference 
in activity between preparations from control and experimental 


TABLE V 
Activity of Partially Purified Liver Oxidase 
1 ml. of liver protein suspension obtained as described in the text was 
used. The other details of the measurement were the same as in the 


lower section of Table ITI. 
The results are given as microliters of O, per 30 minutes. 
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livers was maintained. The experiment was carried out three 
times; 7.e., with three control and three experimental animals. 

This experiment suggests that the increase in activity of the 
oxidase produced by thyroid feeding is not dependent upon the 
flavin component of the oxidase; t.e., a change in the nature of the 
flavin component would not explain the increase in activity. 


SUMMARY 


The concentration of the flavin component of the d-amino acid 
oxidase of rat liver is not increased by thyroid feeding. 
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The increase in activity of the oxidase produced by thyroid 
feeding is not dependent upon a change in the nature of the flavin 
component. 

The increase in activity is not dependent upon the components 
of liver soluble in one-third saturated ammonium sulfate solution. 

The increase in activity is probably due to an increase in the 
concentration of the protein component of the oxidase. 
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INHIBITION OF GROWTH OF THE RAT BY ORAL AD- 
MINISTRATION OF METHYLCHOLANTHRENE, BENZ- 
PYRENE, OR PYRENE, AND THE EFFECTS OF 
VARIOUS DIETARY SUPPLEMENTS* 


By JULIUS WHITE ann ABRAHAM WHITE 


(From the Laboratory of Physiological Chemistry, Yale University School of 
Medicine, New Haven) 


(Received for publication, August 1, 1939) 


In a preliminary communication (1) evidence was presented 
demonstrating the production of a growth-inhibitory effect in 
young rats by the incorporation of methylcholanthrene into the 
basal diet. The addition of either /-cystine or dl-methionine to the 
basal diet containing the methylcholanthrene resulted in a prompt 
stimulation of the growth rate. On the other hand, inorganic 
sulfur (sodium sulfate), amino acid nitrogen (glycine), or sulfur 
in the form of taurine was incapable of stimulating growth under 
these experimental conditions. These preliminary observations 
have been expanded to a more detailed study of the growth- 
inhibitory effects of methylcholanthrene. The results obtained 
when another carcinogenic hydrocarbon, benzpyrene, and a non- 
carcinogenic hydrocarbon, pyrene, are incorporated into the 
basal diet, with and without various types of supplements, are 
also presented. 


EXPERIMENTAL 


Male rats at weaning were placed in individual cages and given 
a basal diet of the following composition: casein' 6, starch 50, 
lard 24, sucrose 15, cod liver oil 1, and inorganic salts* 4 per cent. 
In addition, each animal received a daily supplement of 400 mg. 


* This investigation was aided by grants from the Hubbard-McCormick 
Clinical Cancer Research Fund and the Fluid Research Fund of Yale 
University School of Medicine. 

1 Casein No. 453, Casein Company of America, Inc. 

2? Osborne and Mendel salt mixture (2). 
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of yeast.? When the rats reached a body weight of 75 to 85 
gm., either methylcholanthrene* (70 mg.), benzpyrene (110 mg.), 
or pyrene (200 mg.) was added to each 100 gm. of the basal diet. 
These levels of each of the hydrocarbons were chosen after a 
number of preliminary trials had demonstrated that these quan- 
tities would markedly inhibit growth for long periods of time 
without producing evidence of toxic symptoms in the animals. 
Following a suitable period during which the growth-inhibitory 
effect of the hydrocarbon being studied had been established, /- 
cystine (400 mg.), dl-methionine (500 mg.), or /-cystine disulfoxide 
(500 mg.) was added to each 100 gm. of the basal diet containing 
either methylcholanthrene or benzpyrene. A prompt stimula- 
tion in growth resulted, with a subsequent daily weight increase 
approximating that observed in rats ingesting the basal diet alone. 
Moreover, the subcutaneous injection of glutathione’ (55 mg. 
daily) produced a similar growth-stimulating effect in animals 
ingesting the methylcholanthrene-containing basal diet. Cystine 
and methionine supplements also stimulated growth in animals 
stunted by pyrene-containing diets. The data obtained with 
pyrene include only growth rate studies of animals on the basal 
diet with added pyrene, and with subsequent supplements of either 
l-cystine or dl-methionine. In contrast to the above results, 
supplements of either taurine (500 mg.), glycine (500 mg.), or 
anhydrous sodium sulfate (500 mg.) added to 100 gm. of the basal 
diet containing either methylcholanthrene or benzpyrene were 
entirely ineffective in promoting growth under these conditions. 
Some typical data are presented in Figs. 1 to 4. 


* Product of the Northwestern Yeast Company. 

‘The chemicals used in this study were obtained from the following 
sources: methylcholanthrene, Eastman Kodak Company; benzpyrene, 
Hoffmann-La Roche, Inc.; pyrene, kindly supplied by Dr. L. F. Fieser of 
Harvard University; l-cystine, Eastman Kodak Company; dl-methionine, 
Organic Chemical Manufactures Division, University of Illinois; /-cystine 
disulfoxide, synthesized according to the method of Toennies and Lavine 
(3); glutathione, Hoffmann-La Roche, Inc.; taurine, Eastman Kodak 
Company. 

5 The glutathione was administered in single subcutaneous injections. 
The compound was dissolved in 0.5 cc. of water with the aid of 0.1 N sodium 
hydroxide, neutralized to pH 7.1 with 0.1 wn hydrochloric acid, and made 
to 1 ec. with water. 
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Fic. 1. Growth on basal diet, on basal diet with added methylchol- 
anthrene, and on methylcholanthrene-containing basal diet as influenced 
by various supplements. The diet employed in any portion of an experi- 
ment is indicated between two downward arrows representing the beginning 
and end of a period. Diet C-6, basal diet; Diet M-C-6, 70 mg. of methyl- 
cholanthrene per 100 gm. of basal diet. The quantities of the supplements 
fed are presented in the text. The average daily food consumption in gm. 
for the corresponding interval is shown by the figures between the upward 
arrows. The initial and final body weights are presented in parentheses. 
The results depicted for the methylcholanthrene-basal diet alone, and 
with cystine, taurine, methionine, and glycine are representative of groups 
of five, seven, three, four, and three animals, respectively. 
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Fic. 2. Growth on methylcholanthrene-basal diet as influenced by the 
addition of various supplements. The designations for diets employed, 
food consumption, and body weights are the same as in Fig. 1. The 
glutathione, cystine disulfoxide, and sodium sulfate curves are representa- 
tive of groups of two, four, and five animals, respectively. 


Although some of the animals employed in the present investi- 
gation ingested either the methylcholanthrene- or the benzpyrene- 
containing basal diets for periods of as long as 100 days, no gross 
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Fic. 3. Growth on basal diet, on basal diet with added benzpyrene, 
and on benzpyrene-containing basal diet as influenced by various supple- 
ments. Diet B-C-6, 110 mg. of benzpyrene per 100 gm. of basal diet. 
The designations for food consumption and body weights are the same as 
in Fig. 1. The curves for the benzpyrene-basal diet alone and with cystine 
and methionine are representative of groups of five, nine, and seven ani- 
mals, respectively. 


pathology was evident despite the markedly retarded growth rate 
over this experimental period. Rats maintained for these long 
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Fic. 4. Growth on benzpyrene-containing basal diet as influenced by 
various supplements, on basal diet with added pyrene, and on pyrene- 
containing basal diet as influenced by supplements of cystine or methionine. 
Diet P-C-6,200 mg. of pyrene per 100 gm. of basal diet. Other designations 
for diets used, for food consumption, and body weights are the same as 
in Fig. 3. The results with cystine disulfoxide, taurine, and glycine sup- 
plements, added to benzpyrene-containing basal diets, are typical of 
groups of three, six, and two animals, respectively. The results with 
pyrene-containing basal diets, and with the latter diet supplemented with 
cystine and methionine, are representative of groups of six, four, and three 
animals, respectively. Growth of animals on the pyrene-containing basal 
diet alone is not represented by a curve but resembles those portions of 
curves for Rats 61 and 57 in which the pyrene-containing basal diet was 
ingested. 
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periods, and also for shorter times, on the hydrocarbon-containing 
diets, as well as animals on supplemented diets, were subjected to 
autopsy and histological sections made of the liver, lungs, kid- 
neys, intestine, and adrenals. At autopsy some of the animals 
exhibited definitely enlarged livers of a pale and fatty appearance. 
The excessive deposition of lipids in the livers of these animals 
was confirmed both by analysis for total lipid content and by 
histological section. One liver on analysis gave a value of 33.2 
per cent for the total lipid content, based on the wet weight of the 
organ. The extent of lipid deposition varied widely among the 
animals studied and was not present in all the rats examined. 
This variation was probably related to the different types of 
dietary supplements given to the animals (4). The increase in 
lipid content of the liver was the only abnormal finding of the 
autopsy and histological studies which were conducted. 


DISCUSSION 


The experimental approach employed in this investigation and 
the results obtained are similar to those of published studies which 
have demonstrated that bromobenzene (5), cholic acid (6), naph- 
thalene (7), and iodoacetic acid (8) exert an inhibiting effect on the 
growth of the young white rat when any one of these compounds 
is incorporated into a basal diet of relatively low protein content. 
In these previous investigations, as in the present study, the 
addition of either /-cystine or dl-methionine to the basal diet still 
containing the growth-inhibiting substance resulted in a prompt 
stimulation of growth, despite the continued presence of the foreign 
organic compound in the diet. Moreover, the present investiga- 
tion demonstrates that an equally effective growth-stimulatory 
effect is exerted under similar experimental conditions by dietary 
Leystine disulfoxide or by daily injections of glutathione. It 
seems logical to conclude that the growth-inhibitory substances 
exert their effects by the production of a specific deficiency in the 
sulfur-containing amino acids, probably through the requirements 
of the organism for organic sulfur, in the form of cystine and 
methionine, for detoxication mechanisms. This conclusion is 
supported by both direct and indirect evidence. The oral ad- 
ministration of either bromobenzene or naphthalene to rats 
maintained under experimental conditions similar to those 
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employed in the present study leads to the excretion, in the 
urine of these animals, of the corresponding p-bromophenyl- 
mercapturic acid (5, 9), and J-a-naphthalenemercapturic acid 
(9), respectively. The latter mercapturic acid has also been iso- 
lated from the urines of rabbits and dogs fed naphthalene (10). 
An augmented output of p-bromophenylmercapturic acid, as 
reflected in the excretion of urinary organic sulfur, has been 
produced by the administration of either /-cystine or dl-methio- 
nine to dogs receiving bromobenzene (11). The isolation of 
l-anthrylmercapturic acid from the urine of rabbits and rats fed 
anthracene (12) demonstrates that this hydrocarbon is also de- 
toxicated by the formation of a mercapturic acid and may be cited 
as further direct evidence that the results obtained in the present 
study and those of similar investigations cited above may be 
explained on the basis of the effects of the growth-inhibitory sub- 
stances on sulfur metabolism. This conclusion would be even 
more logical in the present study if it were possible to report the 
isolation of the mercapturic acids corresponding to methyl- 
cholanthrene, benzpyrene, and pyrene from the urines of the rats 
ingesting each of these hydrocarbons. Although preliminary 
suggestive evidence of this type is available from fractionation 
experiments on the urines of animals given methylcholanthrene 
and benzpyrene, the small amount of product isolated and the 
technical difficulties encountered make it advisable to await the 
results of further experiments which are being conducted on the 
metabolic fate of methylcholanthrene and of benzpyrene. In this 
connection should be mentioned the reports that a portion of 
administered 1,2,5,6-dibenzanthracene is converted to sub- 
stances of a phenolic nature by rabbits, rats, or mice (13). 
Indirect evidence that bromobenzene, cholic acid, naphthalene, 
iodoacetic acid, methylcholanthrene, benzpyrene, and pyrene 
exert a growth-inhibitory effect because of their influence on sul- 
fur metabolism is obtained from a consideration of the ability of 
various types of supplements to stimulate growth in the presence 
of the inhibiting compound. It will be noted that only those 
compounds which have been reported to stimulate the growth of 
animals subsisting on diets with a low content of sulfur-containing 
amino acids (the so called cystine-deficient diets) are capable of 
producing an increased growth rate in rats stunted by any one of 
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the foreign organic compounds mentioned above. On the other 
hand, supplements known to be ineffective in meeting the nutri- 
tional requirements of the rat for the sulfur-containing amino acids 
are also without ability to augment the retarded growth rate of 
rats ingesting one of the various organic compounds which have 
been used. Thus, either /-cystine (14), dl-methionine (15), 
L-cystine disulfoxide (16), or glutathione (17) stimulates growth 
promptly when administered to animals stunted by a lack of 
sulfur-containing amino acids in the diet. Injected glutathione 
(17) is also similarly effective. In contrast to these results, ele- 
mentary sulfur (18) or sulfur in the form of taurine (19) will not 
stimulate growth under the same experimental conditions. These 
data are similar to the results obtained in studies with animals 
stunted by one or more of the growth-inhibitory compounds. 
Despite the presence of the latter in the basal diet, l-cystine, 
dl-methionine, /-cystine disulfoxide, and glutathione are effective 
stimulants of growth, whereas inorganic sulfur (sodium sulfate) 
or taurine is ineffective in this respect. Moreover, further evi- 
dence of the relation of the growth-inhibitory phenomenon to the 
effects of the foreign compound on sulfur metabolism is derived 
from the recent demonstration in unpublished experiments*® that 
although the addition of l-cystine to an iodoacetic acid-containing 
diet used to stunt the growth of young rats will promptly stimu- 
late growth, d-cystine is entirely without effect under the same 
experimental conditions. The behavior of the two isomers of 
cystine when administered to rats whose growth has been in- 
hibited by the addition of iodoacetic acid to a basal diet is thus 
similar to the results reported by du Vigneaud, Dorfman, and 
Loring (20) in experiments on the growth-promoting action of 
l- and d-cystine when added to a cystine-deficient basal diet. 

There is available, therefore, considerable evidence to support 
the conclusion that bromobenzene, cholic acid, naphthalene, 
iodoacetic acid, methylcholanthrene, benzpyrene, and pyrene 
exert a growth-inhibiting effect in young rats by producing a 
specific deficiency in the sulfur-containing amino acids, probably 
by imposing on the organism an increased requirement for or- 
ganic sulfur, in the form of cystine or methionine, for detoxication 


* FE. E. Simon and A. White. 
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mechanisms. However, although evidence for the formation of a 
mercapturic acid is clearly established for bromobenzene, naph- 
thalene, and anthracene, the diverse chemical structures which have 
been found to produce similar growth effects, and to yield similar 
experimental results with various types of supplements, emphasize 
the desirability of actual isolation of the corresponding mercapturic 
acids of these chemical compounds in order to demonstrate con- 
clusively a relationship of growth effects to sulfur metabolism. 
The possibility exists that the growth-inhibitory results may 
not in all cases be related to a specific detoxication mechanism 
involving the sulfur-containing amino acids, but that some of 
these foreign organic compounds may retard cellular metabolism. 
In this event, /-cystine, dl-methionine, /-cystine disulfoxide, and 
glutathione may then be regarded as general cell metabolic stimu- 
lants, with a consequent effect on the general growth of the or- 
ganism. It would appear that this latter possibility might be 
examined experimentally by stunting young rats by the dietary 
superimposition of some chemical substance or compound which, 
by virtue of its nature or structure, could not theoretically be 
detoxicated by a mechanism involving the sulfur-containing amino 
acids. Under these experimental conditions, the effects of cystine 
or methionine supplements on the growth rate would be of con- 
siderable interest. Experiments of this type are being initiated 
in this laboratory at the present time. 

The effects of the injection of sesame oil solutions of certain 
carcinogenic and non-carcinogenic hydrocarbons on the growth of 
the rat have been studied in some detail by Haddow, Scott, and 
Scott (21). These investigators have reported that a single 
intraperitoneal injection of 1,2,5,6-dibenzanthracene, 1 ,2,5,6- 
dibenzacridine, and 3 ,4-benzpyrene into young rats resulted in a 
definite retardation of growth, whereas injections of either pyrene, 
fluoranthene, or dodecahydro-1 ,2-benzanthracene had no signif- 
icant retarding action on the growth rate as compared to that of 
control animals injected with sesame oil alone. On the basis of 
these data, it was concluded that a definite difference exists be- 
tween the effects of the injection of carcinogenic as contrasted 
with non-carcinogenic hydrocarbons on the growth of the rat. 
Although the experiments described in the present study have 
been conducted under considerably different conditions, it may 
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be stated that both carcinogenic and non-carcinogenic hydrocar- 
bons, when administered in the diet, have the ability to retard 
growth, provided adequate amounts of the individual compounds 
are added to the diet. It should be emphasized that the amount 
of a particular compound required to inhibit growth will depend 
on the substance itself and may vary widely from one compound to 
another. In the present study, it has been demonstrated that 
whereas 70 mg. of methylcholanthrene added to each 100 gm. of 
the basal diet are effective in inhibiting growth, 110 mg. of benz- 
pyrene or 200 mg. of pyrene are required for each 100 gm. of the 
basal diet to produce a similar effect. It will be seen, therefore, 
that in the case of the three hydrocarbons used in this investiga- 
tion, considerably more of the non-carcinogenic hydrocarbon, 
pyrene, is required than of the carcinogenic compounds, methyl- 
cholanthrene and benzpyrene. This fact may account for the 
differences observed by Haddow, Scott, and Scott. Experiments 
are being conducted at the present time to determine whether 
larger quantities of non-carcinogenic hydrocarbons, injected in 
single doses intraperitoneally, will produce the same effect on 
growth rate as do single injections of smaller quantities of car- 
cinogenic hydrocarbons. 

Subsequent investigations may perhaps demonstrate that car- 
cinogenic hydrocarbons are more toxic than non-carcinogenic ones, 
which fact may or may not be related to the tumor-producing 
effects of carcinogenic compounds. However, it does not yet 
appear clearly indicated that the carcinogenic properties of a 
compound have any relation to the amount of this material which 
will inhibit the growth of young rats under the experimental con- 
ditions employed. Indeed, studies from this laboratory have 
demonstrated that although as much as 900 mg. of bromobenzene 
are required for each 100 gm. of the basal diet in order to produce 
a definite inhibition of growth in young rats (4), as little as 100 
mg. of iodoacetic acid, added to 100 gm. of the same basal diet, 
will produce an equally striking growth retardation (7). The 
quantity of a compound required to produce growth inhibition 
cannot therefore usually be predicted, but must be determined by 
trial and error and appears to be related to the toxicity of the 
substance. It would appear, therefore, that sweeping generaliza- 
tions regarding the effects of carcinogenic hydrocarbons, as con- 
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trasted to non-carcinogenic hydrocarbons, on growth appear un- 
warranted, particularly when each compound is administered at 
the same dose level. A non-carcinogenic, relatively simple hydro- 
carbon may be found which, because of its toxicity, may exhibit, 
in single injections of smaller doses, greater growth-inhibitory 
effects than the carcinogens which have been studied. 


SUMMARY 


1. Growth retardation has been produced in the young white rat 
by the incorporation of either methylcholanthrene, benzpyrene, 
or pyrene in the diet. 

2. Dietary supplements of J/-cystine, dl-methionine, and l[- 
cystine disulfoxide cause a prompt stimulation of growth when 
added to the diets containing methylcholanthrene or benzpyrene. 
Taurine, sodium sulfate, and glycine were ineffective in this 
respect. 

3. Daily injections of glutathione also produce an increased 
growth rate in animals ingesting the methylcholanthrene-con- 
taining diet. 

4. Dietary supplements of /-cystine and dl-methionine were 
effective in stimulating growth of animals ingesting a pyrene- 
containing basal diet. The two sulfur-containing amino acids 
were the only supplements studied with basal diets containing 
added pyrene. 

5. It is concluded, on the basis of these results and from a con- 
sideration of data available in the literature, that the inhibition 
of the growth of the rat by certain organic compounds under these 
experimental conditions is a manifestation of the production of a 
specific deficiency in the sulfur-containing amino acids, probably 
by imposing on the organism an increased requirement for organic 
sulfur, in the form of cystine or methionine, for detoxication 
mechanisms. 
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METHODS FOR THE DETERMINATION OF SUBMICRO 
QUANTITIES OF TOTAL NITROGEN, AMMONIA, AMINO 
NITROGEN, AMIDES, PEPTIDES, ADENYLIC ACID, 
AND NITRATES 


By HENRY BORSOOK anp JACOB W. DUBNOFF 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 


(Received for publication, August 9, 1939) 


In 1935 one of us described micromethods for ammonia, urea, 
total nitrogen, uric acid, creatinine, and allantoin (1). These 
methods are adapted for the analysis of 1 to 2 ml. aliquots of dilute 
solutions, e.g. 0.1 mg. per cent of ammonia or urea, and for carry- 
ing out a large number of analyses simultaneously. These 
methods all end in a colorimetric measurement. 

In the present communication methods are described for the 
determination of submicro quantities of nitrogen in the form of 
ammonia, amino groups, amides, urea, total nitrogen (and by 
difference, protein nitrogen), peptides, adenylic acid, and nitrate. 
The aliquots used are 0.1 to 0.2 ml.; the minimum dilution may be 
somewhat lower than in the methods we described previously. 

Three innovations are introduced in these methods. One is a 
convenient glass electrode submicrotitration procedure. The 
problem here was to devise an electrical system which is rugged, 
quick recording, easy to operate, and from which electrical leaks 
are excluded. The Conway-Byrne ammonia distillation proce- 
dure (2) has been made more rapid. A Kjeldahl procedure has 
been devised which is simpler and more convenient than any of 
the preexisting methods for determining total nitrogen in sub- 
micro quantities. The same principle is also used in the deter- 
mination of amides. 

In all of these new methods the final procedure is an electro- 
metric titration with a glass electrode. This is more accurate, of 
wider application, quicker, and more convenient than the colori- 
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metric procedure employed formerly. The new methods are also 
better suited to the carrying out of a large number of analyses 
simultaneously. 

These methods constitute a “system” of analysis of the com- 
mon nitrogen compounds in animal and plant fluids. For any 
individual determination 0.1 ml. containing 0.0003 mg. of N 
suffices. For the fractionation of a mixture of compounds into 
total, protein, amino, ammonia, amide, peptide, adenylic acid, 
and nitrate nitrogen, about 2 ml. containing about 0.5 mg. of N 
will permit carrying out all the determinations in duplicate. The 
ordinary disagreement between duplicates and the absolute error 
of all except the Kjeldahl determinations are under | per cent. 
The difference between duplicates in the Kjeldahl determinations 
is about +2.0 per cent. The recovery of nitrogen in this Kjeldahl 
method is the same as in the macro-Kjeldahl procedure. 

An estimate of the convenience and speed of these methods may 
be obtained from the fact that two of us have determined in dupli- 
cate all of the above fractions in six different solutions in 2 normal 
working days. All of the necessary equipment can be placed on 
one laboratory bench 8 feet long. 

These methods have been used by different workers in this 
laboratory during the last 2 years in the study of the nitrogen 
metabolism of plant seedlings, isolated growing pea embryos, 
marine invertebrate embryos, and thin slices of mammalian tissues. 

Micropipettes 

The pipettes used are those described by Levy (3). We have 
found it convenient to construct a battery of different sizes from 
0.1 to 0.3 ml. as shown in Fig. 1. The fluid to be measured is 
drawn by gentle suction a few mm. above the upper constriction, 
after which, with the point of the pipette still dipping into the 
solution below, the liquid in the pipette is allowed to fall by its 
own weight. Under these conditions it drops always to the same 
point in the upper constriction. The solution into which the 
point is dipping is withdrawn, and then the contents of the pipette 
are delivered into the desired container by nitrogen (or air) under 
a constant head of pressure. Fig. 1 shows the arrangement of the 
stop-cocks which permits the use of each pipette in the battery 


separately. 
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The pipettes are calibrated either by the weights of water or by 
titrating the volumes of a strong standardized acid solution which 
they deliver. The uniformity of the volumes delivered is the same 
as with ordinary macropipettes. 


Ammonia 
Vessels—The ammonia is distilled by the method of Conway 


and Byrne. The distillation vessels we now use are shown in 
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is Fic. 1. Battery of pipettes and distillation vessel 
Fig. 1. The time required for the ammonia to distil completely 
he from the alkaline solution in the outer well to the standard acid in 
ne the inner well depends greatly on the dimensions of the distilla- 
” tion vessel. The dimensions shown in Fig. 1 are the best we have 
he found for the volumes of solution employed. 
tte The vessels we used until recently were made from Pyrex glass 
der tubing. We now are using vessels cut on a lathe from clear 
the lucite rod.!_ The lucite vessels offer the following advantages over 
ery 


' Manufactured by E. I. du Pont de Nemours and Company, Inc. 
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glass, they are more quickly and easily made, unbreakable, more 
uniform, and the upper edge of the outer wall does not chip and is 
cut perfectly plane by the lathe. 

Reagents— 

A stock borate solution is prepared containing 12.4 gm. of 
H;BO; and 100 ml. of n NaOH per liter, and brought to pH 10.3 
with concentrated NaOH. Each day as required the final alka- 
linizing solution is prepared by mixing 2 parts of this solution 
with 1 part of 95 per cent ethanol. The alcohol is used to pro- 
mote the spreading of the solution in the distillation vessel. 

Commercial glycerol with enough strong NaOH just to turn 
phenolphthalein pink. This alkaline glycerol is used for sealing the 
vessels. It is as efficient for this purpose as any vaseline, rubber, 
or grease mixture we have used. It is completely washed away by 
cold water and thus the main difficulty of washing the distillation 
vessels is avoided. 

Standard H,SO, solutions whose strength is varied according 
to the amount of ammonia to be distilled. 

Standard NaOH solution between 0.02 and 0.04 N containing 
1 per cent KCl to prevent the retraction of the mercury from 
the wall of the capillary of the burette. 

Procedure—A quantity of standard acid is pipetted into the 
central well. This quantity must of course be more than suffi- 
cient to neutralize all the ammonia which distils over, and it must 
form a column in the central well so deep that the bulb of the glass 
electrode will be more than half immersed during the final titra- 
tion. The strength of the standard acid need not be known pre- 
cisely. It is “standardized” always by the blank titrations. 

Either 0.1 or 0.2 ml. of the ammonia-containing solution is 
pipetted into the outer well. 0.1 ml. of the alcoholic borate solu- 
tion is pipetted with a hand pipette into the opposite side of the 
outer well. If the solution containing the ammonia is too acid to 
be overneutralized by 0.1 ml. of the borate solution, it must be 
nearly neutralized beforehand. 

The rim of the distillation vessel, 7.e. the upper edge of the outer 
wall, is moistened with the alkaline glycerol by rubbing over it a 
glass stirring rod coated with the glycerol. The distillation vessel 
is now closed with a square piece of thin plate glass the covering 
surface of which is thinly smeared with glycerol. This lid is kept 
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firmly on the vessel by a rubber band stretched over the cover and 
under the bottom of the vessel. The two solutions in the outer 
well are now mixed by tilting back and forward. It is important 
that the alkaline mixture spread and cover the whole of the 
bottom of the outer well. Otherwise the distillation is consider- 
ably retarded. 

The vessel is now placed on a rocking platform driven at about 
forty-five oscillations per minute, 15° up and down from the hori- 
zontal. We have found that in a distillation vessel of these 
dimensions all the ammonia in a 0.1 ml. aliquot distils over in 
2 hours with rocking at room temperature; 80 to 85 per cent 
in 1 hour. In an air bath at 40° distillation is complete, without 
rocking, within 14 hours. 

The only limits to the number of distillations which can be 
carried out simultaneously are the number of distillation vessels 
available and the size of the rocking table when rocking is em- 
ployed. 

At the end of the distillation the cover of the distillation vessel 
is removed and the acid in the central well titrated with standard 
NaOH. The difference between this titer and the titration value 
of the blanks which have been run simultaneously gives the amount 
of ammonia. 

The vessels are cleaned by soaking in dilute HCl strong enough 
to neutralize all the borate, and then washing with copious 
amounts of distilled water. The lucite vessels are dried in air; 
lucite does not withstand heating to 100°. Glass vessels may 
be dried in the oven at 100° or higher. They are washed by the 
same procedure as the lucite vessels. 


Electrometric Titration 


Apparatus Assembly.—The electrometric titration assembly is 
shown in Fig. 2. The pH is measured on the Beckman pH meter. 
The cable (f) from the glass electrode to the pH meter is a shielded 
cable and grounded to the metal stand to which the titration 
assembly is clamped and to the metal shield inside the pH meter. 
The belt for the motor-driven stirrer is a coiled brass spring wire. 

The details of the electrode assembly are shown in Fig. 3. The 
glass electrode (A) is made of Corning glass No. 015. The whole 
of the soft glass from just above the bulb to the top is coated 
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with a film of De Khotinsky cement. It is filled with 0.1 Nn 
HCl to which some finely ground quinhydrone is added. The 
upper electrode (B) containing mercury from which a fused-in 
platinum wire dips into the 0.1 n HCl in electrode A below is also 























Fig. 2. Titration apparatus. a, water; b, NaOH; c, cotton; d, soda 
lime; e, mercury; f, shielded cable; g, microburette; h, standard NaOH; 
i, hand screw for propelling mercury, covered with rubber. 


coated on the outside with a film of De Khotinsky cement. Elec- 
trode B may be of any glass. The films of De Khotinsky cement 
constitute electrical insulation and shielding. The two parts of 
the calomel electrode are sealed together above with De Khotinsky 
cement. 
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As shown in Fig. 3, the tip of the burette, the calomel and glass 
electrodes, the end of the stirrer, and the tip of the tube delivering 
the nitrogen pass through holes cut in a bakelite plate. It is 
essential that this plate be thoroughly dry during a titration. 
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Fic. 3. Electrode assembly details of titration apparatus 


The burette delivers about 100 c.mm. of alkali over a length of 
about 2 feet. It is drawn out to a point so that there is a negli- 
gible amount of back diffusion from the solution which is being 
titrated, and no alkali drops out except when it is pushed out by 
the mercury. The hand screw (z) which drives the mercury is cov- 
ered with rubber. The bottle of standard alkali is clamped a suffi- 
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cient distance above the burette so that the hydrostatic pressure is 
sufficient to flush out the burette when the stop-cock connecting 
it with the burette is opened, and to balance the pressure of the 
short column of mercury. Otherwise the mercury creeps along 
the burette forcing out NaOH. The burette is filled by screwing 
the mercury back until the alkali in the burette is in contact with 
the alkali in the side tube. The stop-cock is then opened. After 
a drop of alkali has been forced off the point of the burette, the 
stop-cock is closed. The mercury is screwed up until it is near the 
zero mark on the burette. The tip of the burette is washed with 
water, and the point dried with filter paper. The mercury is then 
screwed to the zero mark, and the hanging drop of alkali taken 
up with filter paper. 

Details of the construction and use of this type of burette are 
given by Linderstr@m-Lang and Holter (4). 

Procedure—The central well containing the standard acid is 
placed on an adjustable stand as shown in Fig. 2. It is now 
screwed up until it touches the bakelite plate. The heights of the 
glass and calomel electrodes are previously adjusted so that their 
ends will dip into the acid but not touch the bottom when the 
top of the distillation vessel touches the bakelite plate. The bulb 
of the glass electrode is about half immersed. The tips of the 
burette and of the glass stirrer are similarly adjusted so that they 
also will dip into the solution. The tip of the tube which delivers 
the washing nitrogen does not dip into the solution; it is just below 
the bakelite plate. The nitrogen gas is run through only during 
a formol titration, which is described below. 

The actual titration consists in screwing out alkali into the 
solution which is being titrated with continuous stirring until the 
pH is near to 4.0. Small amounts are then added, with stirring 
after each addition, up to pH 6.0 which is the end-point. 


Formol Titration 


Reagents— 

Commercial formaldehyde diluted 1:1 with water and brought 
to pH 5.0 with strong NaOH. The solution is stored in a dark 
brown bottle. 

Standard NaOH solution between 0.02 and 0.04 N containing 1 
per cent KCl. 
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Nitrogen gas washed with alkali and water. It is necessary to 
maintain a positive pressure of CO,-free nitrogen in the central 
well throughout the titration in order to exclude the CO, of the 
air. Without this precaution we have been unable to obtain 
satisfactory end-points. 

Procedure—0.25 ml. is pipetted into the central well of a dis- 
tillation vessel. After the vessel is mounted in place and screwed 
up to the bakelite plate, the nitrogen is streamed through the 
overlying space and continued throughout the titration. 

The first stage of the titration consists in titrating to pH 7.0. 
The pH chosen for the end-point of the first stage is a compromise 
when the solution contains ammonia, a variety of organic acids, 
and amino acids. When one is titrating solutions of known amino 
acids, the end-point selected for the first stage will depend on the 
ionization constants of the compound. 

At the end of the first stage 0.25 ml. of the formaldehyde solu- 
tion is added to the central well. A hand micropipette is used for 
this purpose, similar to those shown in Fig. 1, with suction and 
pressure applied by mouth through rubber tubing. After the 
formaldehyde is added, the vessel is again screwed up to the bake- 
lite plate and the titration resumed to an end-point of pH 8.0. 
This end-point also is a compromise, and may be modified in 
special cases. We have found by trial that ammonia is titrated 
by this procedure and gives a value 110 per cent of the theoretical. 
The amino nitrogen value is the titer in the second stage minus 
110 per cent of the ammonia value which has been obtained inde- 
pendently by the method described above. A blank titration 
must be carried out with formaldehyde and water alone, and 
this blank value subtracted from the total titer. 


Total Nitrogen 


Apparatus—The digestion tubes are shown in Fig. 4. These 
are calibrated to a mark made around the constriction. Their 
volume is 0.45 to 0.50 ml. 

The digestion rack is shown in Fig. 4. This may be made any 
desired length. The heating of the tubes all the way round and 
some distance above the melt prevents bumping. If the flames 
are not turned up too high (see below), there is no loss of 
nitrogen. 
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Reagents— 

The digestion mixture consists of a 1:1 dilution of concentrated 
sulfuric acid with water containing 1 gm. of SeO, and 1 gm. of 
CuSO,-5H,0 per 100 ml. of diluted acid. After many trials the 
use of phosphoric acid in the digestion mixture was abandoned 
because it etched the digestion tubes excessively. 

A saturated solution of potassium persulfate. The salt used is 
Merck’s Reagent variety “for Dr. D. D. Van Slyke’s micro- 
Kjeldah! determination of nitrogen.”’ 

25 per cent NaOH. 

















Fic. 4. Digestion rack and Kjeldah! tubes 


Procedure—0.1 ml. or 0.2 ml. aliquots of the solution followed 
by 0.1 ml. of the digestion mixture are pipetted into a digestion 
tube. All the tubes so set up are placed in an air oven at about 
105° until most of the water has evaporated off and the solution 
has become dark brown. Our practice is to leave the digestion 
tubes in the oven overnight. To prevent particles of dirt dropping 
in, the tubes are covered with a sheet of tin-foil. 

The digestion tubes are then placed in the digestion rack. The 
flames are kept low at first until the acid begins to reflux. Then 
the flames are gradually raised but not at any time to such a height 
that the acid distils more than a few mm. above the constriction. 
The digestion is continued until the solution is colorless. 

The tube is then cooled, 1 drop of the saturated persulfate solu- 
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tion is added, and the digestion continued for 15 minutes after the 
digestion mixture is water-clear. 

This digestion may be carried out without a hood. There is 
practically no loss of acid and hence the digestion may be carried 
on for hours. 

When the digestion is completed, the tubes are cooled and then 
water is added to the mark around the constriction. The water 
is added in two portions, with mixing by rotation and cooling 
between additions. After being made up to the mark the contents 
are mixed by vigorous shaking and inversion. 

Duplicate or triplicate 0.1 ml. aliquots are pipetted into distilla- 
tion vessels. Standard acid is pipetted into the central well. 
0.1 ml. of 25 per cent NaOH is pipetted into the outer well some 
distance from the drop of solution containing the ammonia. 

The subsequent procedure and titration are exactly the same as 
described above in the determination of ammonia. The total 
nitrogen is computed from the titer, the size of the aliquots taken 
for digestion and distillation, and the volume of the digestion 
tube used. 

Blank determinations are carried through the same procedure 
simultaneously with the experimental determinations. 

It is possible by this method to determine as little as 0.0003 
mg. of N in an aliquot. The convenient amounts of nitrogen are 
between 0.01 and 0.005 mg. in each aliquot. In the course of a 
great many analyses the extreme difference between duplicates 
or triplicates has been approximately +2 per cent. When the 
difference occasionally was larger, the analysis was repeated. The 
error has been nearly always in the distillation. When we were 
using glass distillation vessels, this error was the result of micro- 
scopic leaks between the central and outer wells or of a film of acid 
creeping up the side of the vessel and remaining unneutralized. 
These mishaps have been eliminated by the use of lucite vessels. 


Amide Nitrogen 


Reagents— 

3.n HSO,. 

2.9 n NaOH. 

Alcoholic borate solution used in the determination of ammonia 
above. 
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Procedure—A 0.2 ml. aliquot is pipetted into one of the Kjeldahl 
digestion tubes described above. 0.1 ml. of 3 N H,SO, is added. 
The two solutions are mixed. The tube is covered with a cap of 
tin-foil and set away in a boiling water bath for 3 hours. A wire 
gauze rack was made to hold these tubes in the water bath. 

After 3 hours digestion the tube is cooled; 0.1 ml. of 2.9 Nn NaOH 
is added and quickly mixed in. Water is then added to the mark. 

The subsequent procedure is as described above for the deter- 
mination of ammonia. The total ammonia present after acid 
hydrolysis is computed as in the determination of the total nitro- 
gen, from the titer, the aliquots used for digestion and distilla- 
tion, and the volume of the digestion tube used. The difference 
between this value and the preformed ammonia nitrogen is the 
amide nitrogen. 


Nitrate Nitrogen 


Reagents— 

Finely powdered Devarda’s alloy. 

25 per cent NaOH. 

Procedure—The nitrate determination is carried out on the 
solution which remains after the amide and ammonia nitrogen 
has been distilled off, as described above. 

The acid in the central well of the distillation vessel at the end 
of the amide nitrogen determination is pipetted out, and replaced 
by another quantity of the standard acid. 

4 mg. of finely powdered Devarda’s alloy are now added to the 
outer well. The vessel is tilted a little and the metal powder 
placed on the side opposite to the fluid in the outer well. Then 
0.1 ml. of 25 per cent NaOH is added. The strong alkali is re- 
quired for the reduction of the NO;. From this point on the 
procedure is the same as in the determination of ammonia. At 
room temperature in 1 to 2 hours all of the nitrate is reduced and 
the resulting ammonia distilled over. 

It is necessary to carry through two sets of blanks, one, in 
which the strong NaOH is added but no Devarda’s alloy to control 
the effect of the alkali alone, and a second with Devarda’s alloy 
added to the blanks of the amide determination, 7.e. in which only 
reagents are present. The sum of both blank values must be 
subtracted from the titer of the experimental solution. 
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Peptide and Adenylic Acid Nitrogen 


Peptide nitrogen is determined by enzymatic hydrolysis of the 
peptides present. A satisfactory enzyme preparation was found 
in that described by Orcutt and Wilson (5), which we have modi- 
fied slightly in order to prepare a more concentrated preparation 
and to free it of ammonia. 

Reagents— 

The preparation is as follows: Aspergillus wentii is grown by 
seeding skim milk containing 5 per cent dextrose with spores and 
incubating 6 to 8 days at 30°. The mold is cultured in 1 liter 
Erlenmeyer flasks with enough milk to give a depth of about 2 cm. 
At the end of 6 to 8 days, if satisfactory growth has been obtained, 
the heavy pad of mold has begun to crack and pull away from the 
wall of the flask. The pads are removed at this time, weighed, 
and frozen for several hours to inactivate any arginase which may 
be present. The pads are then thoroughly ground in a mortar 
with sand and finally enough water is added to give a suspension 
which contains about 10 per cent dry matter. (The moisture 
content of the pad is determined on a small quantity.) The pH 
is now adjusted to 7 to 7.5. The suspension is covered with 
toluene and allowed to stand at room temperature for 4 to 6 hours. 
At the end of this time it is filtered through sail-cloth under a 
vacuum. The proteolytic enzymes are in the filtrate. To the 
filtrate an equal volume of acetone is added. This precipitate is 
dissolved in one-fourth the original volume of water and centri- 
fuged free of the insoluble material. This solution is shaken with 
permutit to free it of ammonia and then constitutes the final en- 
zyme solution. Kept under toluene in a refrigerator it retains 
its potency unimpaired for several months. The solution darkens 
on standing; but this does not impair its potency. 

The activity of this solution has been tested against Witte’s 
peptone. It gives in 12 hours at 38° nearly the same increase in 
free amino nitrogen as does hydrolysis with strong acid. 

When Witte’s peptone or plant extracts are incubated with this 
enzyme preparation, in addition to an increase in free amino nitro- 
gen, there is an increase in ammonia. We have tested a large 
number of amino acids, purines, amides, urea, creatine, and creati- 
nine, and have found that with the exceptions of arginine and 
histidine only the amino group in the 6 position of adenine is hy- 











176 Microdeterminations of Nitrogen 


drolyzed, when this purine is in the form of adenylic or nucleic 
acid. Free adenine is not attacked (6). A small amount of 
ammonia is slowly liberated from arginine and histidine. Direct 
determination of the adenylic acid in plant extracts by the method 
of Kerr and Blish (7) accounted for only half the increase in 
ammonia. We have not identified the source of the remaining 
ammonia in plant extracts, apart from the possibility of its being 
arginine and histidine. 

Procedure—An equal volume of the protein-free extract (tri- 
chloroacetic acid filtrate) brought to pH 6.0 and the enzyme solu- 
tion are incubated overnight under toluene. The hydrolysis is 
nearly complete in 6 hours. It is convenient, however, to allow 
the digestion to continue overnight. 

Formol titrations and ammonia estimations are then carried out 
as described above. The ammonia found multiplied by 1.1 is 
subtracted from the formol titration value at the second stage. 
The peptide amino nitrogen is the difference between this value 
minus the sum of the formol titer of the enzyme solution and the 
free amino nitrogen before the enzymatic hydrolysis. 

This enzyme preparation can be used as a convenient micro- 
method for the determination of adenylic acid, if other sources of 
ammonia can be excluded or controlled by one direct determina- 
tion of the adenylic acid in the material to be analyzed. 


SUMMARY 


Methods are described for the determination of submicro quan- 
tities of total nitrogen, and nitrogen as ammonia, amino groups, 
amides, peptides, adenylic acid, and nitrates. 

These methods are adapted for carrying out conveniently large 
numbers of determinations simultaneously. 

The end-stage of all the methods described is an electrometric 
titration. 
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METHEMOGLOBIN AS THE PRINCIPAL ABNORMAL 
PIGMENT IN THE BLOOD OF HUMANS SHOWING 
CYANOSIS FROM SULFANILAMIDE* 


By WILLIAM B. WENDEL, NANNETTE M. WENDEL, anv W. W. COX 


(From the Department of Chemistry, University of Tennessee, College 
of Medicine, Memphis) 


(Received for publication, June 14, 1939) 


The blood of human patients treated with sulfanilamide is 
frequently quite dark in color as compared with normal blood of 
equal total hemoglobin concentration. Almost invariably such 
blood contains methemoglobin (2), and occasionally sulfhemo- 
globin, as determined by qualitative spectroscopic tests. It has 
been suggested, however, that the dark color of the blood and the 
cyanosis of the patient are not often due to these blood pigments 
but rather are due to colored derivatives of sulfanilamide (3, 4) 
formed in the body from the drug and adsorbed by the erythro- 
cytes. These ideas, although not supported by any positive 
evidence except the demonstrated affinity of erythrocytes for 
colored derivatives of sulfanilamide formed by ultraviolet irradia- 
tion, have diverted attention somewhat from methemoglobin as 
a cause of the dark color and of the cyanosis (5). 

We have measured the visible absorption spectra of the ab- 
normal pigment in the blood of a number of patients who were 
receiving sulfanilamide in treatment of various bacterial infections 
by determining the difference between the total absorption spec- 
trum and the absorption spectrum of the contained oxyhemo- 
globin, the latter being calculated from the determined oxygen 


* A preliminary report of some of these observations has appeared (1). 

This study was aided by a grant from The Upjohn Company, Kalamazoo, 
Michigan. 

The authors are indebted to the staff members of the John Gaston 
Hospital, especially to Dr. Gilbert Levy of the Isolation Division, for 
cooperation in making available the clinical material. 
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capacity and established spectrophotometric constants of oxy- 
hemoglobin. The results of these studies indicate that the spec- 
trum of the abnormal pigment or pigments resembles that of 
methemoglobin very closely and is quite unlike the spectra of 
products of irradiation of sulfanilamide. 


EXPERIMENTAL 


In these studies we used specimens of defibrinated blood from 
patients who were receiving sulfanilamide and who were showing 
cyanosis which could not be accounted for by cardiovascular or 
pulmonary dysfunction; the specimens did not contain sulfhemo- 
globin. The erythrocytes were not separated from the plasma 
and washed because of the possibility that such a procedure might 
permit fading or cause removal of some colored substance from 
the cells. Only specimens of blood which gave clear solutions 
after dilution were used. 

Specific extinction coefficients of oxyhemoglobin and of methemo- 
globin, both at pH 7.4,' and of cyanmethemoglobin used in all 
calculations are given in Table I. Specific extinction coefficients 
at a given wave-length are defined by the equation of Drabkin 
and Austin (7), 

. «(observed) 
<{¢ = 1 mm per liter) = J(depth in em.) X c(ooncentration in mu per liter) 
Constants for oxyhemoglobin obtained on six specimens of human 
blood are identical with those found by Drabkin and Austin on 
defibrinated dog blood (7). For establishing specific absorption 
constants and for calculating the absorption due to oxyhemo- 
globin in the patients’ blood the oxygen capacity of each specimen 
was determined in duplicate or triplicate on 1 or 2 cc. samples by 
the method of Van Slyke and Neill (8). Appropriate corrections 
were applied for physically dissolved oxygen (9). The dilution 
of blood (1:50 to 1:100) and the depth of the layer of solution 
examined (1 cm. or 10 cm.) were varied to give extinction coeffi- 


1 Since, according to Austin and Drabkin (6), the ionic strength of the 
buffer is probably 10 or more times that of the blood proteins, the effect 
of considerable variations in the latter seems negligible. Besides, varia- 
tions in pH of as much as 0.2 have little effect upon the spectrum of methe- 
moglobin. 
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cients within the optimum range; namely, 0.5 to 1.5 (10). In 
order to minimize in vitro changes the blood cells were laked with 


TABLE II 


Spectrophotometric and Gasometric Analyses of Blood of Patients Showing 
C ‘yanosis from Sulfanilamide 


P: ! 








Methemo | « (d = 1 em.; dilution of blood, 1 : 100) 
I~ ro em: “ay | Absorption 
ent leapac-| Hb 8 | &2 | spectrum ze : 2 2 2 2 Fy 
ity i >| - 
Ee) 28 $/8/2/5 8 2/8 
ge3 sea 
S88) 33 | » | @ | o u hi ‘ 
& |< a| aA ata A“ A a“ 
! per | per | 
of | ot) lS 
ete mabe pb 
la*) 5.14, 5.92) 13 12 | Total 0.0540 .077:0 .083'0.86.0.54:0.840.40 
| | HbO, 0.02310. 0280. 037/0.81,0.49\0.78/0.29 
21 Total 0. 0600. 0960. 105'0.76 0.48'0.76.0.40 


Ib*| 4.18) 5.58) 25 | 
| HbO, (0.01910 .023/0.030/0 66/0. 40/0.63 0.24 
2 | 7.98) 8.22) 3 | Total 0.049/0 .071 0.086 1.320 .80)1.270.54 
| | Hbo, 0.0360 .043/0 .057|1.25.0.76 11 200.45 
3 | 4.07| 5.16 21 | 17 | Total 0063/0 .095.0.099'0.72 0.48)0.72:0.39 
| HbO,  —0..018/0.022/0.029'0.640.39/0.620.23 
4 | 7.95) 8.93, 11 | 10 | Total —_(0.058/0.091/0. 102)1 3410. 80/1 .27|0..57 
| | _HbO, 0. 036.0 .043,0.057/1 .25 0. 75)1.20/0.47 
5 | 4.62; 6.50 29 | 32 | Total — (0.08010. 120 (0.82:0.53/0.8110.45 
| | | | | HbO, —-/0.021/0.025, 0.72.0. 44/0.70)0.27 
6 | 3.95) 4.72 16 | 13 | Total —_|0.0470.0700. 075)0.68 0.42'0.68)0.32 
_ HbO, (0.018\0.021 0 0280.62 0.37|0.600.23 
7 | 3.43) 4.01) 14 | 9 | Total 0.0410. 0630. 072\0.60 0.38/0.58'0.28 
 HbO, (0.015.0.018 0.02510. 54 0.33/0.52/0.20 
8 | 5.73, 7.13) 20 | 22 | Total | 0.112 (0.96 0.62:0.96)0.51 


| | | | HbO, | 0.03} 0.900. 54/0. 850.34 


Summation of differences between! 
total and HbO,t...... 5% 0. 2910. 481 0. 470. 66.0. 56/0. 771.05 











| 





* Samples of blood from a single pationt ‘obtained on different « days. 
+ Patients 5 and & excluded, but Patient 9 (see Fig. 1) included. 


a 0.05 per cent solution of colorless saponin. Phosphate buffer 
of pH 7.4 was incorporated into the diluted blood to give a final 
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concentration of 0.025 m.2 To determine whether in vitro change 
occurred after dilution, absorption spectra of patients’ blood and 
of oxyhemoglobin in normal blood were measured twice in rapid 
succession. Total pigment was determined spectrophotometri- 
cally as cyanmethemoglobin at \ 540 my. 


Results 


Table II and Fig. | summarize the observations on ten speci- 
mens of blood from nine patients. In Table II two sets of 
extinction coefficients, « (d = 1 em.; dilution of blood 1:100), 
are given for each specimen of blood. The total absorption 
spectra were either read directly or were calculated from readings 
taken on thicknesses of layer of solution other than 1 em. or dilu- 
tions of blood other than 1:100. The oryhemoglobin values repre- 
sent the calculated light absorption of the confained oxyhemo- 
globin. The differences between these two sets of values are con- 
sidered to describe the abnormal pigment. 

Fig. 1 gives the observed total absorption spectrum of the blood 
from Patient 9, the calculated absorption of the contained oxy- 
hemoglobin, the differences between these (i.e. the abnormal 
pigment), and an absorption spectrum of methemoglobin (in- 
dicated by triangles) of such a concentration as nearly coincides 
with the curve of the abnormal pigment. 

The absorption spectrum of the abnormal pigment, obtainable 
by inspection of Table II, in each sample of blood, except that of 
Patient 4, shows a rather progressive rise from the red to the blue 
end of the spectrum. This is also true of methemoglobin at pH 
7.4. The blood of Patient 4 shows evidence of absorption at 
\ 577 mu, which may be significantly different from that of 
methemoglobin. 

In order to make a broad comparison of the abnormal pigment 
in the blood of all of the patients with methemoglobin and with 
products of irradiation of sulfanilamide, we have combined the 
individual results in such a manner as to obtain an average ab- 
sorption curve. The mathematical procedure was simply to 

* Hemoglobin is maximally oxygenated at pH 7.4. At the same pH 


methemoglobin exists for the most part in the more characteristic acid 
form. 














182 Abnormal Pigment of Blood 


summate the individual differences between total absorption and 
absorption due to oxyhemoglobin at each wave-length, with the 
omission of the two samples of blood (Patients 5 and 8) upon 
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Fig. 1. Analysis of absorption spectrum of blood from Patient 9: total, 
observed (seven wave-lengths) absorption spectrum; oxyhemoglobin, ab- 
sorption spectrum of oxyhemoglobin calculated from oxygen capacity; 
abnormal pigment, difference between total and oxyhemoglobin; triangles, 
spectrum of methemoglobin. All at pH 7.4. 


which the data are incomplete.* The summated extinction 
coefficients are plotted in Fig. 2 where they may be compared with 


* The spectra of the abnormal pigment in the two samples of blood which 
are not included in the summation resemble, as far as they go, that of 
methemoglobin very closely. 
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the absorption curve of methemoglobin of 0.1 mM concentration. 
Fig. 2 also contains an absorption curve of a 0.02 per cent sul- 
fanilamide solution which had become colored as a result of ex- 
posure to sunlight. 

We have confirmed the observations of Ottenberg and Fox (4) 
regarding formation of colored derivatives of sulfanilamide by 
ultraviolet irradiation of solutions of this substance. Further, as 
indicated above, we have found that sunlight produces a similar 
change, and that oxygen is essential. The products of solar 
irradiation, being more stable as to color than those produced by 


L2 
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IRRADIATED »— 
SULFANIL AMIDE 
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Fic. 2. Comparison of average absorption curve of abnormal pigment 
with curve of methemoglobin (c = 0.1 ma per liter) and that of a colored 
solution formed by solar irradiation of 0.02 per cent sulfanilamide. All 
at pH 7.4. 








ultraviolet light, are the more suited to spectrophotometric meas- 
urement. Fig. 3 illustrates results of a number of spectropho- 
tometric measurements on irradiated solutions of various concen- 
trations of sulfanilamide. Curves 1 through 4 represent successive 
stages in color development in a 0.02 per cent solution exposed to 
direct sunlight. Curve 7 is on an irradiated 0.01 per cent solu- 
tion. Very little color appears in less concentrated solutions 
even with prolonged irradiation. Since nothing is known about 
the nature and concentration of these colored substances, only 
their qualitative spectral characteristics are considered. With 
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the exception of Curve 6, which represents an unphysiological 
concentration of sulfanilamide, each curve shows an absorption 
maximum in the region \ 545 to A 565 mu. 

Although our data contain no evidence of the presence of these 
substances in the blood of these patients, it is of interest to note 
that such colored solutions rapidly convert hemoglobin to methe- 
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Fic. 3. Absorption spectra of oxidation products of sulfanilamide 
formed by irradiation. Curves | through 5 are for 0.02 per cent solutions 
of sulfanilamide. Curves 1, 2, 3, and 4 represent, respectively, results 
of 15, 30, 45, and 90 minutes solar irradiation; Curve 5, prolonged ultra- 
violet irradiation; Curve 6, 1 per cent sulfanilamide, solar irradiation; 
Curve 7, 0.01 per cent solution, solar irradiation. All solutions were 
buffered after irradiation at pH 7.4. 

Fic. 4. Conversion of oxyhemoglobin to methemoglobin by irradiated 
sulfanilamide. Curve 1, oxyhemoglobin (diluted normal blood); Curve 2, 
irradiated sulfanilamide solution; Curve 3, composite of Curves | and 2, 
calculated for oxyhemoglobin-sulfanilamide dye mixture ; Curve 4, mixture 
after standing several hours; Curve 5, Curve 4 minus Curve 2; triangles, 
methemoglobin corresponding to the oxyhemoglobin contained in the 
mixture. 


moglobin. Fig. 4 illustrates this reaction. Curve 1 is the spectrum 
of oxyhemoglobin (diluted blood buffered at pH 7.0) before ad- 
mixture with an irradiated solution of sulfanilamide (0.02 per 
cent, before irradiation) with spectral characteristics described by 
Curve 2. Theoretically, the combined solutions should give Curve 
3, but due to rapid change the initial mixed spectrum could not be 
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measured. When change had ceased, Curve 4 was obtained. By 
subtracting the readings of Curve 2 from those of Curve 4 the 
values represented by the triangles are obtained. Comparison 
of these with the curve of methemoglobin (Curve 5), formed by 
addition of an excess of ferricyanide to the oxyhemoglobin repre- 
sented by Curve 1, indicates that the conversion to methemoglobin 
was almost complete. Methemoglobin formed by this reaction 
shows characteristic qualitative reactions with fluoride, cyanide, 
and alkali. In the same period and under the same conditions of 
temperature and pH, unirradiated sulfanilamide in equal concen- 
tration has little or no effect upon the spectrum of oxyhemoglobin. 

Although our results do not permit an unequivocal statement 
regarding the nature of the abnormal pigment, they do indicate 
that it resembles methemoglobin more than the colored derivatives 
of sulfanilamide. Determination of the relationship between de- 
gree of methemoglobinemia and intensity of cyanosis awaits an 
objective method of determining the latter. 


SUMMARY 


Spectrophotometric and gasometric analyses of fully oxygenated 
blood from nine patients who were cyanotic owing to sulfanilamide 
therapy indicate that the abnormal color of these blood samples 
was for the most part due to methemoglobin. Colored substances 
present in irradiated dilute solutions of sulfanilamide rapidly con- 
vert hemoglobin to methemoglobin, but we have obtained no 
evidence of their presence in the blood of patients. , 
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THE SPECTROSCOPIC DETERMINATION OF CYTO- 
CHROME C AND ITS DISTRIBUTION IN SOME 
MAMMALIAN TISSUES 


A CoRRECTION 


By R. JUNOWICZ-KOCHOLATY anv T. R. HOGNESS 


(From the George Herbert Jones Chemical Laboratory of the University of 
Chicago, Chicago) 


(Received for publication, August 26, 1939) 


In a recent communication in this Journal (1) we reported some 
results on the determination of the cytochrome content of mam- 
malian tissue and, on p. 573, gave these results in Table I]. The 
cytochrome content, reported as micrograms per gm. of tissue, is 
based upon the assumption that cytochrome contains 0.34 per 
cent Fe, as previously determined. In a recent communication 
Theorell (2) reports that cytochrome purified by electrophoresis 
has an iron content of 0.43 rather than 0.34 percent. If pure cyto- 
chrome C is to be defined as that product which is purified by 
electrophoresis, then the results in Table II should be multiplied 
by 0.34/0.43 or 0.79. 
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THE AVAILABILITY FOR GROWTH OF N-METHYL- 
TRYPTOPHANE ADMINISTERED AS ITS 
ACETYL DERIVATIVE 


By WILLIAM G. GORDON, WILLIAM M. CAHILL, ann 
RICHARD W. JACKSON 


(From the Department of Chemistry, Stanford University, California, and 
the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, August 22, 1939) 


Investigation of the metabolic fate of acylated amino acids has 
disclosed many instances of interesting selective action by the 
animal organism. Magnus-Levy (1) found it possible to recover 
the unaltered benzoy! derivatives of several amino acids, often in 
excellent yield, from the urine of animals injected with these com- 
pounds. On the other hand, formyl derivatives, as represented by 
formylglycine and formy]-l-leucine,' in similar experiments proved 
susceptible to degradation in the body. Formyl-d-leucine was 
refractory to attack as revealed by a recovery of more than 90 per 
cent in contrast to less than 20 per cent for the optical isomer con- 
taining natural leucine. Again, Berg, Rose, and Marvel (2) 
demonstrated that acetyltryptophane, but not its benzoyl an- 
alogue, can replace a dietary supply of tryptophane in promoting 
growth of the rat. Furthermore, du Vigneaud, Sealock, and Van 
Etten (3) discovered that of the racemic substance employed in 
the study just mentioned only the acetyl-l-tryptophane isomer is 
effective, even though d-tryptophane is utilized in growth as shown 
in tests with dl-tryptophane (4) and with the pure d isomer 
(3, 5). The conclusion from these several experiments, that the 
metabolic fate of an acylated amino acid depends on both the 
nature of the acyl group and the configuration of the amino acid, 


‘The prefixes / and d are used throughout the paper to indicate 
configuration. 
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is supported by numerous studies? dealing with a considerable 
variety of amino acids and acyl groups. When an acylated amino 
acid travels essentially the same metabolic path as does the free 
amino acid, it is doubtless the consequence of an initial hydrolytic 
cleavage of the peptide-like bond, induced by enzymes specific 
for substrates related to the natural configurational series. 

The object of the present study was to determine, after the 
factors discussed above were taken into account, the ability of the 
organism to hydrolyze and to utilize an acyl-N-methylamino acid. 
Certain previously reported experiments bearing directly on this 
problem may be cited. Knoop and Oesterlin (8) fed the racemic 
acetyl-N-methyl derivatives of phenylalanine and y-phenyl-a- 
aminobutyric acid, and were able to isolate from the urine 85 
and 70 per cent, respectively, of the unaltered compounds. The 
corresponding N-methylamino acids themselves in comparable 
amount were, on the contrary, largely metabolized. Latterly, 
Bernhard (9) has secured evidence supporting the conclusion that 
hexahydrobenzoylsarcosine does not undergo splitting in the body 
whereas hexahydrobenzoylglycine does. The latter compound, 
like hexahydrobenzoic acid, gives rise in the dog to an approxi- 
mately 50 per cent yield of benzoic acid. Hexahydrobenzoyl- 
sarcosine, on the other hand, could be partially recovered from 
the urine and gave rise to no significant amount of benzoic acid. 
Both of these studies, therefore, point to the inability of the animal 
to liberate an N-methylamino acid from its corresponding acyl 
derivative. However, we are not aware of any study of this 
problem involving growth as a criterion of whether cleavage takes 
place. In general, the growth method, where applicable, may be 
expected to prove more sensitive than a metabolic study depending 
on the quantitative recovery of the substance or its metabolites 
from the urine. In other words, any appreciable fraction, not 
accounted for in the isolation procedures employed, might have 
undergone conversion to the amino acid or some utilizable inter- 
mediate which by the growth procedure would lead to observable 
increases in body weight. 

In our experiments, the acetyl derivative of l-amino-N-methyl- 
tryptophane was selected for study on the following grounds. It 


? For references to pertinent data, see Berg, Rose, and Marvel (2), du 
Vigneaud, Dyer, and Jones (6), and Jackson and Chandler (7). 
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was established by Gordon and Jackson (10) that dl-N-methyl- 
tryptophane in lieu of preformed tryptophane promotes growth 
in the rat and by Gordon (11) that apparently only one of the 
enantiomorphs is utilizable; namely, that occurring naturally 
and known as abrine. This optical isomer is related configura- 
tively, as shown by Cahill and Jackson (12), to the natural I- 
tryptophane. In the light of these considerations together with 
the fact, referred to above, that acetyl-l-tryptophane but not its 
antipode promotes growth, the / isomer of acetyl-N-methyltryp- 
tophane appeared as a logical test substance. If appreciable 
hydrolysis of this isomer occurred, then the resulting /-N-methyl- 
tryptophane should cause a definite increase in the growth of the 
test animals. The acetyl-l isomer was employed as such in all 
experiments but one in which the racemic material was given. 


EXPERIMENTAL 


The acetyl derivatives employed were prepared from I- and dl-N- 
methyltryptophane by acetylation with ketene under suitable 
conditions. The racemic product crystallized in platelets, melted 
at 171° (corrected), and gave analytical values of 10.63 and 10.73 
for nitrogen. The / isomer crystallized in the form of prisms, 
melted at 175-176° (corrected), and yielded nitrogen values of 
10.68 and 10.73. The calculated nitrogen for both substances is 
10.76. The details of the preparations together with further 
analytical criteria of purity are given in a previous publication (12). 

For the growth tests, male albino rats of about 100 gm. in body 
weight were placed on the basal diet deficient in tryptophane. 
This diet consisted of acid-hydrolyzed casein 14.7, cystine 0.3, 
dextrin 37, sucrose 15, salt mixture (Osborne and Mendel (13)) 
4, ground agar 2, and lard 27 per cent. Separate supplements of 
200 mg. of dried yeast and 100 mg. of cod liver oil were given 
daily to all animals. When, in the course of about 6 weeks, 
each individual growth response to the basal diet had been def- 
initely established, the acetyl derivative to be tested was incorpo- 
rated in the basal diet and fed for 4 week periods. Subsequent 
periods of feeding the basal diet with or without a growth-pro- 
moting supplement of N-methyltryptophane served as control 
experiments with each animal subject. In addition to these 
checks, two animals were kept on the basal diet without supple- 
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Fic. 1. Growth on N-acetyl-l- and N-acetyl-dil-N-methyltryptophane. 
The diet employed during any part of an experiment is denoted by an 
abbreviation above the curve between the short vertical lines which inter- 
sect the curve and indicate the beginning and end of a feeding period; the 
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ment throughout the entire period of the feeding trials. In one 
experiment, the acetyl-l-methyltryptophane was injected to 
guard against the remote possibility of marked failure of absorp- 
tion of the compound when administered orally. All diets were 
fed ad libitum. Individual body weight changes and food con- 
sumption data were recorded twice weekly. 

In the control experiments, either 53.4 or 106.8 mg. of l-N- 
methyltryptophane were employed as a suitable supplement to be 
incorporated in 100 gm. of the deficient basal diet. The first of 
these two supplements was found (11) to represent approximately 
the minimal quantity necessary to produce an unmistakable 
growth response in the test animals. 53.4 mg. of N-methyltryp- 
tophane are referred to in Fig. 1 as 1 unit, and 107 mg. as 2 units. 
The amounts in which the acetyl derivatives were fed were cal- 
culated on an equivalent basis, 1 unit being 63.7 mg., 2 units 
127.4 mg., etc., per 100 gm. of basal diet. For the subcutaneous 
administration of the acetyl-l-N-methyltryptophane, an aqueous 
solution was prepared containing 25 mg. of the derivative (as the 
sodium salt) per 0.6 cc. at a pH of 7.0. This amount was injected 
daily in two equal doses given at a 12 hour interval. In connection 
with the corresponding control experiment, /-N-methyltryp- 
tophane proved to be so sparingly soluble at a physiological pH 
as to preclude its subcutaneous administration in a moderate 
volume of solution. We therefore resorted to the use of the more 
soluble racemic substance the / form of which stimulates growth 
when given orally. 21 mg. of the dl-N-methylamino acid, equiv- 
alent to 25 mg. of the acetyl derivative, were given daily also in 
two equal doses, each in 0.65 cc. of solution at a pH of 7.2. This 
solution was practically saturated at the temperature employed 
of 37°. 


average daily food consumption in gm. for the corresponding period is 
shown below the curve. The initial and final body weights are shown in 
parentheses. The amounts and units (see the text) of supplements fed 
per 100 gm. of basal diet and the abbreviations employed are as follows: 
B = basal tryptophane-deficient diet; 2 Ac-l-MeTr = 2 units (127.4 mg.) 
of acetyl-l-N-methyltryptophane; 4 Ac-l-MeTr = 4 units (255 mg.) of 
acetyl-l-N-methyltryptophane; 8 Ac-l-MeTr = 8 units (510 mg.) of acetyl- 
l-N-methyltryptophane; 8 Ac-dl-MeTr = 8 units (510 mg.) of acetyl-dil-N- 
methyltryptophane ; /-MeTr = 1 unit (53.4 mg.) of l-N-methyltryptophane; 
2 1l-MeTr = 2 units (106.8 mg.) of l-N-methyltryptophane. The graphs 
for two experiments essentially duplicating the results secured with Rats 
81 and 87 have been omitted. 
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DISCUSSION 


The growth graphs presented in Fig. 1 show uniformly that the 
acetyl derivative of -methyltryptophane is not utilized in lieu 
of tryptophane by the rat. Neither the feeding nor the sub- 
cutaneous injection of the compound stimulated growth. In the 
experiment on Rat 85, this negative effect was secured even when 
the diet contained potentially 8 times the amount of the non- 
acetylated -N-methyltryptophane which, as demonstrated on the 
same animal, unmistakably promoted growth. The experiment 
with the racemic acetyl derivative, as was to be expected, yielded 
the same result. Evidently, the substitution of a methyl group 
for the tertiary hydrogen atom of the amide linkage of acetyl- 
tryptophane blocks the action of the otherwise effective hydrolyz- 
ingenzyme. The results now available with respect to the utiliza- 
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tion of the optical isomers of tryptophane, N-methyltryptophane, 
and their acetyl derivatives are summarized in Table I. 

Our findings with regard to acetyl-N-methyltryptophane are 
in agreement with those secured on analogous compounds by 
Knoop and Oesterlin and by Bernhard. In each instance the 
apparent effect of an N-methyl group is to obstruct the hydrolysis 
of the acylamino acid. Furthermore, these results in a general way 
stand in accord with the increasing observations of proteolytic en- 
zymes which require substrates with a “peptide hydrogen” in the 
participating peptide or peptide-like bond (¢f. Bergmann and Fru- 
ton(14)). For example, carboxypeptidase hydrolyzes chloroacetyl- 
l-tyrosine but not chloroacetyl-l-N-methyltyrosine (15). A no- 
table exception to the implied generalization is prolidase (14) which, 
however, specifically hydrolyzes glycyl-l-proline and does not ap- 
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preciably attack glycylsarcosine. The evidence that acetyl-l-tryp- 
tophane (2, 3) as well as other acylamino acids may be hydrolyzed 
following absorption in the body tissues directs attention to histo- 
zyme and related enzymes. Such enzymes occurring especially but 
not exclusively in the kidney and liver have been shown by Kimura 
(16), Nawa (17), and others to promote in varying degree the 
hydrolytic fission of a considerable variety of acylamino acids. 
Like other enzymes of the proteolytic group, they have been shown 
to exhibit antipodal specificity (16), but their characterization 
with regard to the réle of substrate “peptide hydrogen”’ (cf. (18, 
19)) is as yet too limited to show that they are, as might be ex- 
pected, largely incapable of hydrolyzing acylated N-methylamino 
acids. 


SUMMARY 


Acetyl-l-N-methyltryptophane is not utilized for growth in the 
rat ingesting a diet deficient in tryptophane. 

Inasmuch as both /-N-methyltryptophane and acetyl-l-tryp- 
tophane are known to promote growth, the substitution of the 
methyl! group for the amide hydrogen of the latter compound ap- 
parently prevents its hydrolytic cleavage in the body. 
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THE DETERMINATION OF SERUM TOTAL PROTEIN, 
ALBUMIN, AND GLOBULIN BY THE BIURET 
REACTION 


By GEORGE R. KINGSLEY 


(From the Division of Biochemistry, Laboratories, Philadelphia General 
Hospital, Philadelphia) 


(Received for publication, August 28, 1939) 


The biuret reaction for the estimation of protein in urine was 
first introduced by Riegler (1). Autenrieth (2, 3), Hiller (4), and 
Fine (5) modified and improved the method. All agreed that the 
biuret reaction was reliable, the error usually not exceeding 5 per 
cent in experienced hands. It was also found that equal quantities 
of albumin and globulin yielded violet colors of practically the same 
intensity. However, these investigators found it difficult to ob- 
tain a satisfactory standard. Biuret was generally abandoned 
because of impurities and because when treated its color tint 
differed from that of proteins. Gavrilov and Ginzburg (6) who 
employed a peptone standard believed that the biuret reaction 
was suitable only for the estimation of total peptide linkages and 
not protein. Fine (5) used serum protein preserved in chloro- 
form as a standard which was said to be stable for 6 months. 
This is questionable, since a deposit often separates from protein 
solutions on standing. 

The older methods have been simplified and made more accurate 
by the elimination of the preliminary precipitation of protein. 
The procedure has been further shortened by the use of copper 
sulfate and sodium hydroxide in such proportion that precipitate 
formation is avoided. The need for a standard was eliminated in 
the method herein described by use of a photoelectric colorimeter.' 
Standardization was accomplished by diluting pooled blood serum 
with 0.85 per cent sodium chloride to give solutions of various 


The Mass photoelectric colorimeter was used, but any other reliable 
instrument can be adapted to the method. 
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TaBLe I 


Comparison of Serum Total Protein and Albumin by Biuret and 
Kjeldahl Methods (Per Cent) 


. Biuret Kjeldahl! 
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albumin content as determined by the Kjeldahl method. The 
data in Table I represent analyses of a variety of pathological sera 
by the biuret and Kjeldahl methods. It is apparent that the 
biuret method is in good agreement through a wide range of total 
protein concentrations and albumin to globulin ratios. Constancy 
in total N to peptide linkage ratios thus is demonstrated. It was 
found that an olive-green filter (No. 401, Corning) gave satis- 
factory light transmission for the purple biuret color and also 
absorbed the blue color of the copper reagent. Error caused by 
the latter is unimportant even when no filter is used except at 
protein concentrations so low as to be rarely encountered. The 
olive-green filter will also diminish small errors produced by 
jaundiced serum. Lipemic and jaundiced sera when treated with 
biuret reagents become turbid on standing. Formation of precipi- 
tate is readily avoided by extraction with ether just after the biuret 
color is developed. 

Total Protein—To exactly 4 cc. of 10 per cent sodium hydroxide 
in a photoelectric colorimeter tube add 0.1 cc. of fresh serum (free 
from cells) with a Folin micropipette. Rinse out the pipette 
three times with sodium hydroxide solution. Mix by rotating 
and add 0.5 cc. of 1 per cent copper sulfate. Shake vigorously 
five to six times. If the serum is jaundiced or lipemic, add 2 cc. 
of ether (u.s.P.) and shake vigorously about 20 seconds. Allow to 
stand for 25 minutes and read in a photoelectric colorimeter. 
Tap the tube gently before reading if all gas bubbles have not sep- 
arated into the ether layer. The readings remain stable until 
opalescence appears, usually about 1 hour, or several hours when 
ether is used. As the ether is somewhat soluble in the reaction 
mixture, a correction of 8 per cent must be added to the result. 

Albumin—Globulin may be precipitated from 0.5 cc. or 1 ce. 
of fresh serum (free from cells) with 7.5 or 15 ec. of 23 per cent 
sodium sulfate respectively. After standing for 3 hours at 37.5°, 
the globulin is removed by filtering through a single sheet of What- 
man No. 5 paper; it is refiltered if necessary. (Losses of albumin 
due to absorption have been negligible in our experience.) When 
all of the solution has filtered, mix and measure 2 cc. of filtrate into 
a photoelectric colorimeter tube containing 2 cc. of 20 per cent 
sodium hydroxide. Mix by rotating and add 0.5 cc. of 1 per cent 
copper sulfate. Shake vigorously five to six times. Allow to 
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stand for 25 minutes and read. If the serum is jaundiced or 
lipemic, treat with ether in the same manner as for total protein 
and correct the results by adding 8 per cent to the final result. 
Globulin—Total protein minus albumin equals globulin. 
Deterioration of copper sulfate solution due to contamination 
or standing several weeks may give low results. 


SUMMARY 


A rapid simplified method for application of the biuret reaction 
directly to serum for the determination and fractionation of pro- 
tein is described. The need for standard solutions is avoided by 
use of a photoelectric colorimeter. 
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AUTOLYTIC CHANGES IN THE PROTEIN AND AMINO 
ACID CONTENT OF LIVER* 


By JAMES MURRAY LUCK, JOHN EUDIN, ann CHARLES C. NIMMO 


(From the Biochemical Laboratory, Stanford University, California) 
(Received for publication, June 19, 1939) 


In previous papers from this laboratory on the liver proteins 
(2, 3) mention has been made of the difficulties in isolation and 
fractionation which result from the presence of proteolytic en- 
zymes in the organ. During dialysis, particularly, the autolytic 
loss of protein may be quite appreciable. We have attempted to 
reduce these losses by fractionation in the cold (0-2°) by avoiding 
dialysis procedures and by the introduction of potassium iodate 
as an inhibitor of proteolytic enzymes. Some of our experiences, 
especially with iodate (3), led us to investigate anew the auto- 
lytic changes that proceed in macerated liver. The observations 
upon which we now report pertain to the effects of autolysis upon 
the several proteins of liver, upon the total amino nitrogen con- 
tent, and upon the autolytically liberated tyrosine. The in- 
vestigation was also undertaken with the thought that we could 
study further the effect of potassium iodate as an inhibitor of the 
autoproteolytic enzymes. 


General Procedure 


Dog liver was used for the experiments. The animals were 
anesthetized with nembutal, a cannula introduced into the portal 
vein, and the liver rapidly perfused with physiological saline (con- 
taining 0.1 per cent of disodium hydrogen phosphate) at 38° until 
free of all visible blood. About 2000 cc. of perfusion fluid were used 
for each liver. The liver was then quickly excised, sponged, and 
cut into portions of 5 to 10 gm. each in liquid air. The frozen 
lumps thus obtained were stored at —12° to —15° and powdered 


* A summary of this communication was presented before the meeting 
of the American Society of Biological Chemists at Baltimore (1). 
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under liquid air as required for the experiments. When stored 
under these conditions, the liver proteins are of marked stability 
and remain apparently unchanged for long periods of time. 

The powdered liver was weighed out in 100 gm. portions which 
were transferred to beakers of 1500 cc. capacity. Ice-cold dis- 
tilled water (850 cc.) was then added and the pH of the tissue 
suspension was quickly adjusted to the desired level. In the 
experiments conducted at pH 5.0 this adjustment was made by 
adding 0.5 Nn H,SO, to pH 5.0 and 50 cc. of acetate buffer (0.5 m). 
In the remaining experiments, 0.5 nN NaOH was added to pH 
7.3 followed by 50 cc. of 0.5 m phosphate buffer of the same pH. 
Water at 0° was next added to give a final total volume of 1000 ce. 

In the experiments in which potassium iodate was employed, 
500 mg. of the salt were dissolved in the suspension immediately 
following the final volume adjustment. 

As soon as possible after the time noted as the commencement 
of autolysis, samples of the suspension were withdrawn for 
analysis. For this purpose 100 cc. were used for the protein de- 
terminations, 20 cc. for the amino nitrogen determination, and 
10 ec. for the estimation of tyrosine. Additional samples were 
withdrawn at 12 hours, 1, 2, 3, 5, 7, and 10 days after the com- 
mencement of autolysis. 

Protein Determinations—100 cc. of the autolyzing mixture were 
pipetted into a 250 cc. beaker containing 5 gm. of ammonium 
sulfate and stirred until the salt was dissolved. It was then 
rapidly adjusted to pH 6.3 by the addition of 0.1 n NaOH or 
0.5 n H.SO, and stirred at 0-2° for 1 hour. At the end of this 
time the mixture was centrifuged, still in the cold, and the super- 
natant liquid decanted off into a suitable container. Extraction 
of the residue was repeated twice, 50 cc. of 5 per cent ammonium 
sulfate and enough base to bring the pH to 6.3 being used each 
time. The residue left after the third extraction was placed in a 
refrigerator at —15°, to be used later for extraction of the alkali- 
soluble protein, globulin II. The combined supernatant fluids 
obtained from the ammonium sulfate extractions were measured 
as to total volume, and one 50 cc. portion was heat-coagulated 
at pH 4.6 to determine the total salt-soluble protein. 

100 cc. of the extract were adjusted to pH 6.5 to 7.0 with dilute 
sodium hydroxide and 33.5 gm. of solid ammonium sulfate were 
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added (enough to bring the ammonium sulfate content to half 
saturation, allowance being made for the 5 gm. already in solu- 
tion). The mixture was stirred thoroughly to insure complete 
solution of the salt and filtered. A 50 cc. portion of the filtrate 
was acidified to pH 4.6 and heat-coagulated to determine the 
albumin content. 

The residue from the ammonium sulfate extractions, temporari- 
ly stored at —15°, was extracted three times with 0.25 per cent 
sodium hydroxide for the determination of globulin IJ. 150 ce. 
were used in the first extraction and 75 cc. in each of the second 
and third!’ The combined extracts were stirred thoroughly, the 
total volume recorded, and two 50 ce. portions heat-coagulated 
at pH 4.6. 

Following the several heat coagulations referred to above, the 
coagula, after standing overnight, were filtered through No. 4 
Jena sintered glass crucibles and washed several times with hot 
water,’ three to four times with hot alcohol, twice with ether, and 
dried overnight at 110°. 

Amino Nitrogen Determinations—20 cc. of the autolyzing mix- 
ture were transferred to a large test-tube graduated at 50 cc. in 
which 25 cc. of boiling 0.01 N acetic acid were contained. The 
tube and contents were left in the bath until coagulation of the 
proteins was virtually complete (3 to 5 minutes). The mixture 
was then cooled, treated with 3 ec. of 50 per cent trichloroacetic 
acid, and finally made up to 50 cc. with distilled water. After 
standing for 30 minutes, 2 gm. of infusorial earth were stirred in 
and the mixture was filtered. A 35 cc. portion of the filtrate 
was concentrated by boiling to a small volume, the ammonia 


‘ In the first three runs, globulin I] was determined on the residue from 
the salt extractions by extraction three times with 0.25 per cent NaOH, 
100 cc. being used in the first extraction, and 50 cc. in each of the second 
and third. The very high viscosity of the second extract made an incon- 
veniently long centrifuging necessary for complete separation. Quanti- 
tative determinations showed that the extraction volumes could be in- 
creased to those used subsequently; this facilitated centrifuging, without 
increasing the total globulin II extractable. 

* Because of the high salt content of the medium in which the albumin 
specimens were coagulated, six washings with hot water were found to be 
necessary in these instances to clear the coagulum of all traces of am- 
monium sulfate. 
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removed (4), and the amino nitrogen content determined on a 2 
ce. aliquot by the Van Slyke method (5). 

Tyrosine Determinations—The 10 ec. sample withdrawn for the 
determination of tyrosine was transferred to a 20 cc. stoppered 
Erlenmeyer flask. 2 cc. of 30 per cent trichloroacetic acid were 
added, the mixture was thoroughly shaken, allowed to stand for 
20 minutes, and then filtered. To 5 ce. of the filtrate, 5 cc. of the 
Folin-Ciocalteu phenol reagent (6) were added and the mixture 
was left standing for 5 minutes. Several tyrosine standards 
were prepared which covered the wide range of concentrations to 
be met with in the unknowns as autolysis proceeded. To each 
standard and unknown 20 cc. of saturated sodium carbonate* 
were added, the contents of the flask were diluted to 50 ec., and 
the desired colorimetric comparisons made. 

Interest in tyrosine liberation in this autolysis was in part 
stimulated by the observation of Torbet and Bradley (7) that 
tyrosine was unmasked much more rapidly than other amino 
acids in peptic proteolysis. It must be borne in mind that the 
Folin-Ciocalteu phenol reagent may not be specific for free 
tyrosine, but may react with tyrosine bound up in certain poly- 
peptides remaining in the trichloroacetic acid filtrates. 


Results 


The results of nine experiments are presented graphically in 
Figs. 1 to 6. 

At pH 5.0, as might be predicted from the results of Bradley 
and Taylor (8), autolysis proceeded rapidly. The considerable 
increase in amino acid nitrogen, observed over a 10 day period, 
was at the expense of globulin (pseudoglobulin and euglobulin) 
in the salt-soluble fraction. There was a slight and transitory 
increase in the albumin content but we do not regard the change 
as of any significance. Globulin II underwent an early increase 
which was not progressive with the advance of autolysis. From 
the properties of this protein we suspect that the increase in the 
fraction is due to partial denaturation of some of the globulin in 


3 Early in the investigation, difficulties were experienced through the 
development of cloudiness and definite precipitation in the colored solu- 
tions. The trouble was remedied by reducing the amount of sodium car- 
bonate from 20 to 10 ce. ' 
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the salt-soluble fraction. With respect to tyrosine the finding 
that interested us most was that for the first 3 days, at least, 
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Fic, | Fig. 2 
Fic, 1. Total salt-soluble protein in autolysate. Each curve in this 
and the following figures is determined from the average results on two or 
three experiments. Each vertical line on a curve is a measure of the spread 
between the two or three corresponding values obtained from the respective 
experiments. 
Fie. 2. Globulin in salt-soluble fraction. 
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tyrosine liberation proceeded at about the same rate as the split- 
ting of peptide bonds (Table I). 
The addition of potassium iodate, in experiments conducted at 
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pH 5, led to two results of some significance. The first and most 
striking consequence was an immediate alteration in the proteins 
of the salt-soluble fraction which was characterized by a decreased 
solubility in 0.5 mM ammonium sulfate. Associated with this was 








Fia. 5. Amino nitrogen content of autolysate 
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Fic. 6. Tyrosine content of autolysate 


a substantial but not equivalent increase in the globulin II frac- 
tion. It is evident that potassium iodate must be regarded as a 
“denaturing” agent. These findings confirm the observations 
previously reported by Luck (3) on the effect of iodate on the 
salt-soluble proteins, with the reservation that these last men- 
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tioned studies were not extended to include a demonstration of 
the globulin II increase. 

The second result pertains to the autolytic reactions. Here 
we find that the proteins of the salt-soluble fraction, already low 
through iodate denaturation, continued to decrease for 2 days or 
so and then remained fairly constant throughout the remainder 
of the period. It would be erroneous, however, to assume from 
this that autolysis ceased after a few days. Actually the in- 
crease in amino nitrogen content (Fig. 5) proceeded slowly but 
continuously throughout the 10 days of observation. The total 
peptide bond cleavage was less than one-third of that observed 
in the absence of iodate. Tyrosine was liberated equally slowly 


TaBLe | 
Autolytic Changes in Ratio, Tyrosine N to Amino N 
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Days pH 5.0 | ss» pH 7.3 as + 
0 0.097 0.0385 | 0.086 0.042 
05 | O16 | 0.046 | 0.12 | 0.056 

1 0.113 | 0.058 | 0.129 | 0.068 
2 0.111 | 0.071 | 0.108 | 0.080 
3 0.103 | 0.077 | 0.098 | 0.087 
5 0.0385 | 0.074 | 0.086 =| (0.083 
7 0.077 0.076 | 0.061 | 0.082 
10 | 0.074 





in the iodate experiments at pH 5; the tyrosine nitrogen to amino 
nitrogen ratio remained constant during the last 8 days (Table I). 

Presumably the first stages of autolysis are marked by the 
hydrolysis of the proteins into fragments which are no longer heat- 
coagulable but which continue to serve as substrates for further 
hydrolysis by the autolytic enzymes. Incidentally it should be 
observed that once again, as in the absence of iodate, it is the 
globulins of the salt-soluble fraction that undergo attack, partly 
by hydrolysis to amino acids and partly by conversion to the less 
soluble product, globulin II (Fig. 4). 

At pH 7.3 the course of autolysis is entirely different than at 
pH 5.0. First of all, although the amino nitrogen content of the 
digest steadily increases, the extent of peptide bond cleavage in 
10 days of autolysis is less than half that at pH 5. The liberation 











EOE EET AAA BORE. iB) NPT te oat 





208 Liver Autolysis 


of tyrosine proceeds rapidly but is modified by a secondary reac- 
tion in which the liberated tyrosine is destroyed. We consider 
this to be a confirmation of the work of Felix et al. (9) in which 
the presence in liver of a tyrosine-destroying enzyme was demon- 
strated. It is evident that the enzyme is virtually inactive at 
pH 5. 

In contrast to the results of autolysis at pH 5 experiments at pH 
7.3 show that globulin II is the principal substrate upon which the 
autoproteolytic enzymes act. The salt-soluble proteins actually 
increase somewhat in quantity as autolysis proceeds. We con- 
clude, therefore, that globulin II serves as the principal substrate 
for proteolytic action at pH 7.3 and is in part converted into 
the more soluble proteins of the salt-soluble fraction. 

The addition of iodate at pH 7.3 serves to reduce notably the 
extent of autolysis. The liberation of tyrosine and the splitting 
of peptide bonds proceed slowly throughout the 10 to 19 days 
of autolysis. On account of this the changes in concentration 
of the several protein fractions are not great. It may be of inter- 
est to point out that iodate at pH 7.3, in contrast to its behavior 
at pH 5,has no immediate lessening effect on the yield of globulin 
in the salt-soluble fraction. This negative result is to be expected 
from other observations we have made on liver and blood which 
are as yet unpublished. 

Although we have made but superficial inquiries into the anti- 
proteolytic properties of potassium iodate, we assume that it 
acts by the oxidation of sulfhydryl groups present in the proteo- 


lytic enzymes. 
SUMMARY 


1. In the autolysis of liver at pH 5.0 the globulins of the salt- 
soluble fraction serve as the principal substrate for the auto- 
proteolytic enzymes. In addition to amino acid liberation partial 
denaturation into a less soluble protein, present in the globulin II 
fraction, occurs. The rate of autolysis after the first 2 days is 
decreased considerably by the addition of potassium iodate. 

2. At pH 7.3 autolysis proceeds much more slowly. Unlike 
the course of events at pH 5.0, globulin II serves as the principal 
substrate for proteolysis at pH 7.3. In addition to amino acid 
liberation, some of the globulin II disappears by conversion into 
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more soluble globulins of the salt-soluble fraction. Tyrosine is 
liberated, less rapidly than at pH 5.0, and is subject to a secondary 
reaction in which it undergoes destruction. 


3. Proteolysis at pH 7.3 is lessened still further by the addition 


of potassium iodate. 


1. 
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The qualitative as well as quantitative estimation of carbo- 
hydrate in complex biological substances such as glycoproteins 
and mucins is frequently very difficult. Methods involving pre- 
liminary hydrolysis with mineral acids and subsequent reduction 
of cupric ion or ferricyanide are rendered inaccurate by unavoid- 
able contamination with amino acids and polypeptides. These 
errors, which may be of considerable magnitude, have been studied 
by Holden (1), West, Scharles, and Peterson (2), Munday and 
Seibert (3), and Hewitt (4). More recently, colorimetric methods 
such as those in which orcinol is used (5, 6) have been employed 
for the quantitative estimation of the carbohydrate in complexes 
of this type with satisfactory results. In such cases, however, 
the nature of the sugar must first be determined in order to establish 
a correct standard (6) or the carbohydrate component must itself 
be isolated in pure form and used as a standard (7). 

Although the orcinol method has been employed successfully in 
this manner, in the authors’ hands it has proved to be unsatis- 
factory as a method for determining qualitatively the nature of 
the sugar in glycoproteins. Dependence upon the rate of color 
development (6) as well as the small difference in color produced 
by various hexoses made it apparent that the method could have 
only a limited use.'! Several investigators have been unsuccessful 
in their attempts to use the method for identifying carbohydrates 
in glycoproteins and complexes of this type (9). 


' Meyer (8) comments further on this point. 
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In this investigation a number of color reactions were studied 
in an attempt to find a reagent which would develop completely 
different or markedly varying colors with the three commonly 
occurring aldohexoses glucose, galactose, and mannose. Of the 
methods investigated, the carbazole reaction of Dische (10) 
offered the greatest promise, since the colors produced by these 
hexoses are significantly different; glucose yields a pink color, 
mannose brown, while galactose gives an intermediate color. 
Analysis of the colored solutions by means of the Evelyn photo- 
electric filter photometer (11) indicated in all cases an absorption 
maximum at 540 my, with mannose exhibiting a second maximum 
at 420 mu. 

Reagents— 

Carbazole. The carbazole employed should preferably be puri- 
fied until it fails to develop a yellow color in the H,SO, reagent 
described below. Carbazole of highest purity? can be prepared 
from tetrahydrocarbazole by dehydrogenation with Pd black and 
maleic or cinnamic acid (12). This product gives no yellow color 
when dissolved in H,SO, despite the fact that the yellow color 
produced in H,SO, is given in the older literature as a qualitative 
test for carbazole. 

A satisfactory product may be obtained by conversion of car- 
bazole to the N-sulfonic acid (13) followed by hydrolysis. 9.5 gm. 
of carbazole (0.056 m) were dissolved in 50 ec. of anhydrous 
pyridine contained in a 3-necked flask equipped with a stirrer, 
reflux condenser, and dropping funnel. 17.3 gm. (0.12 m) of 
ethyl chlorosulfonate were added dropwise with stirring over a 
period of 2hours. The solution was then refluxed for 4 to 5 hours, 
cooled, and poured slowly into 1 liter of ice water. The cold 
solution was filtered, 50 cc. of concentrated HCl added to the 
filtrate, and the solution heated 5 to 6 hours on a steam bath. 
A heavy precipitate of carbazole was filtered off and washed 
repeatedly with water. After drying, 8.3 gm. of carbazole were 
recovered (60 per cent yield). The product was then recrystal- 
lized from toluene and finally from 70 per cent ethyl alcohol. A 
weak yellow color was produced in sulfuric acid. 

Another satisfactory procedure involved addition of technical 


* We thank Dr. W. L. Ruigh for a sample of this preparation. 
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earbazole with stirring to 20 parts of cold sulfuric acid reagent 
(described below). After stirring for 1 hour, the thick solution 
was poured into excess ice water; the precipitated carbazole was 
filtered off and washed repeatedly with water. After drying, the 
product was recrystallized from toluene and the recovered product 
again dissolved in 20 parts of cold sulfuric acid reagent and the 
above procedure repeated. The filtered carbazole was again 
washed repeatedly with water, dried, and recrystallized from 
toluene and finally from 70 per cent ethyl aleohol. This product 
still gave a very weak yellow color in sulfuric acid but is satis- 
factory; the yield was 40 to 50 per cent. 

Carbazole recrystallized 3 to 4 times from excess toluene and 
subsequently from aqueous alcohol is not as satisfactory, since 
considerably more color is produced in the blanks. 

A 0.5 per cent solution of carbazole in absolute ethyl! alcohol is 
used in the reaction. 

Sulfuric acid reagent. The sulfuric acid reagent is prepared by 
adding 8 volumes of ice-cold sulfuric acid to 1 volume of cold 
water. The acid must be of high purity and completely free 
of nitrate. 


Method 


The method is essentially that employed by Dische with a few 
modifications which were found essential in order to obtain 
standardizable results. 

9 ec. of the sulfuric acid reagent are accurately measured into 
a wide test-tube® and chilled in an ice bath. 1.0 ce. of solution 
containing 0.05 to 0.2 mg. of sugar is carefully layered above the 
acid and chilled again for several minutes. After thorough chilling, 
the tube is slowly agitated without removal from the ice bath in 
order to avoid any appreciable rise in temperature. Insufficient 
care in chilling at this stage produces irregular results as is mani- 
fested by variable absorption at 420 my. After thorough mixing, 
the tube is removed from the ice bath, 0.3 ec. of carbazole reagent 
is added, and the contents rapidly mixed and heated in a vigorously 
boiling water bath for 10 minutes. The tubes are then immersed 
in the ice-water mixture for several minutes and the solutions 


* We used test-tubes having an internal diameter of 19 mm. 
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read in the photoelectric colorimeter. The blank should contain 
no pink or green color. No significant change in the absorption 
characteristics of the final solutions appears after the tubes are 
allowed to stand 15 to 20 hours at room temperature. 


Results 


Filters transmitting maximally at 660, 540, 520, and 420 my 
respectively were used to measure the relative transmission of 
light given by glucose, galactose, mannose, and fructose when 
treated as described above. Fig. 1 illustrates the type of curve 


O4 





0.2 








oO 


1 1 1 


1 i 
400m 450 S500 S550 600 650 





Fig. 1. Analyses of colors produced by hexoses. Curve A mannose, 
Curve B fructose, Curve C galactose, Curve D glucose. In all cases the 
test was carried out as described, with | ec. of a 0.01 per cent sugar solution. 


obtained with each of these sugars when the Evelyn instrument 
is employed. The ¢ 9 values shown in Fig. 2 indicate that Beer’s 
law holds well for the concentrations employed (0.005 to 0.02 per 
cent). Actually as little as 0.025 mg. of hexose may be estimated. 
Since the slope of the curves from 420 to 520 my (Fig. 1) appeared 
to be different for each sugar, the ratios €520:€20* were calculated 
(Table I) and found to be constant and characteristic for each 
sugar. 

Similar determinations were carried out with equimolar mix- 
tures containing two hexoses (Table I). Again Beer’s law was 
found to apply and the ratio é20:¢20 found to be characteristic 


‘ Throughout this paper eso represents ¢o at 520 muy, etc. 
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for each mixture. It was accordingly apparent that, in conjunc- 
tion with other supplementary qualitative tests, a determination 
of this constant for any polysaccharide containing one or two of 
the hexoses studied would serve to identify the hexose. It should 
be observed, however, that galactose and an equimolar mixture 


TaBie I 
Carbazole Reactions with Hezoses and Equimolar Hexose Miztures 























Hexose Coupee Cun” - | Ratio, 
mg. per cc. | 
Glucose. ... 0.2 0.320 0.844 | 2.61 
a a es ae eee 0.1 0.162 0.430 | 2.65 
_ he «0.05 0.080 0.216 | 2.70 
Fructose. ... | os 0.658 1.250 1.90 
ee ie 0.1 0.335 0.653 1.95 
aaa . 0.05 0.170 0.337 1.98 
Galactose....... | 0.495 0.545 1.10 
= 0.1 0.242 0.268 1.11 
ss ne 0.05 0.118 0.129 | 1.00 
Mannose. . 0.2 | 0.789 | 0.525 | 0.65 
” 0.1 0.400 0.268 0.67 
aa eee 0.05 0.199 0.135 0.68 
Glucose + fructose. . 0.2 0.502 1.097 2.18 
“oo + int Se 0.245 0.579 2.36 
-. > -. . | 0.05 0.123 0.287 2.31 
‘* + galactose | 0.2 0.409 0.648 1.58 
o + os 0.1 0.202 | 0.325 | 1.61 
a. ae ™ | 0.05 0.094 0.158 1.68 
‘* + mannose.... 0.2 0.569 0.609 1.07 
i. “ Seere eens reel 0.1 0.280 0.317 1.13 
i ae < | 0.05 0.137 0.158 1.15 
Galactose + mannose... | 0.2 0.657 0.527 0.81 
” + . 0.1 | 0.343 0.270 0.79 
a + a 0.05 0.160 0.132 0.83 





* eso refers to eo at 420 my, etc. 
of glucose and mannose cannot be distinguished by this method. 
More complex mixtures can obviously not be identified with any 
degree of assurance. 

Identification of Hexoses in Polysaccharides—For each poly- 
saccharide studied, duplicate determinations were carried out on 
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0.01 per cent solutions (Table 11). With the information thus 
obtained, the ratio és20:€20 was calculated to identify the hexose 
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Fic. 2. €s40 mu values of hexoses in solutions containing 0.05 to 0.2 mg. 
per cc. Curve A fructose, Curve B glucose, Curve C galactose, Curve D 
mannose. 


Taste II 
Analysis of Carbohydrates 


Concen- 


Preparation® jonthen - “se Sugart Hexose present 

| | 4% 

sz “percent | 
Maltose .| 0.100 | 2.86 0.538 | 105 | Glucose 
Cellobiose ' 0.100 | 2.77 | 0.530 | 104 - 
Sucrose. . /0.100 2.25 0.640 104 | Glucose-fructose 
Lactose 0.100 1.73 | 0.360 | 103 | Glucose-galactose 
Glycogen{.... 0.100 | 2.77 | 0.547 | 107 | Glucose 

ie (0.100 | 2.74 | 0.545 | 107 1: 

Starch.. a 0.100 2.71 | 0.550 | 109 | - 
Phlorhizin. ... 2.76 | “ 
Amygdalin. . a] 2.68 | | o 








* All preparations were dried in vacuo at 90°. 
t Concentrations of sugar calculated from ¢» values at 540 mu. 
¢ Glycogen from high glucose diet. 

§ Glycogen from high galactose diet. 


or hexose mixture present. The ¢ values obtained at 540 my 
were then compared with calibration curves established with 
varying concentrations of the appropriate sugars or sugar mixtures. 
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The ratios yielded by maltose, cellobiose, glycogen, and starch 
are in good agreement with that given by glucose. Sucrose and 
lactose give the expected constants for glucose-fructose and glu- 
cose-galactose respectively. It should be pointed out that other 
qualitative tests must be employed to supplement the information 
thus derived. For example, the ratio €20:¢20 for lactose lies 
between the constants obtained for fructose and a glucose-galac- 
tose mixture. Obviously, a negative Seliwanoff test would elim- 
inate fructose. 

Two samples of dog liver glycogen’ isolated by the Sahyun and 
Alsberg method (14) following diets high in glucose and galactose 
respectively were analyzed. The values obtained (Table II) 
are the same for both types of glycogen and indicate their simi- 
larity in composition. The same conclusion has been reported 
by Cajori and Karr (15) who showed that the two preparations 
are hydrolyzed at similar rates by H,SQO,, salivary amylase, and 
takadiastase. Harding, Grant, and Glaister (16) reported similar 
conclusions for rat liver glycogens obtained in the same way. 

Analysis of phlorhizin and amygdalin demonstrates that they 
are glycosides. No attempt was made to determine quantitatively 
the amount of glucose in each nor were other preparations of this 
type investigated.® . 

Hexose in Glycoproteins—That admixture with amino acids in 
suitable concentration does not appreciably influence the absorp- 
tion characteristics of sugars is shown in Table III. An artificial 
amino acid mixture was prepared containing glycine 15 per cent, 
alanine 10 per cent, leucine 15 per cent, aspartic acid 20 per cent, 
glutamic acid 20 per cent, cystine 2 per cent, tyrosine 10 per cent, 
histidine 5 per cent, lysine 2 per cent, and arginine 1 per cent. 
To solutions of this mixture were added galactose, glucose, man- 
nose, and an equimolar mixture of galactose and mannose. The 
carbazole test was run upon these solutions as well as the amino 
acid solutions to which no sugar had been added. Calculation 
of the ratio €520:€20 obtained from the difference between the 
extinction coefficients of the two solutions (amino acid solution 
containing hexose minus amino acid solution) gave values which 
were in fair agreement with those obtained for the pure hexoses. 

* Dr. F. A. Cajori kindly furnished these preparations. 


* Qualitative test-tube reactions on related compounds have been 
reported by Dische (17) as well as Hepburn and Lazarchick (18). 
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Although amino acids give practically no pink color with car- 
bazole, there is nevertheless observed a small but definite absorp- 
tion at 420 mu. It is to be expected accordingly that the ratio 
€s20: 20 for glycoproteins will be lower than that of the correspond- 
ing pure polysaccharide as a result of this increased absorption 
at 420 my caused by the amino acids. 

Similar determinations were carried out with gelatin solutions 
(Table IV). It is of interest that gelatin in a concentration of 
1 mg. per cc. gives less absorption at 420 my when treated with 
carbazole than does a corresponding amino acid mixture. This 














! 


TABLE III 
Effect.of Amino Acids on Carbazole Reaction 
| Amino  & 
Sugar acid 600 € 590 Ratio, — 
| mixture a) 
mg. per | mg. per | | 
cc. | . 
aa oe * ie | 0.276 | 0.268 0.97 
Amino acid mixture........... 0 | 2.5 | 0.072| 0.037 | 
Galactose (by difference) | 0.1 | 0.204! 0.231 | 1.11 
as F554 eeeeeese-| 0.05 | 1.0 | 0.149] 0.150] 1.01 
Mannose... scceceeess| 0.05 | 1.0 | 0.250) 0.164 | 0.66 
Glucose.........., ..| 0.05 | 1.0 | 0.105) 0.213 | 2.03 
Galactose-mannose.... 0.05 | 1.0 | 0.196 | 0.155 | 0.79 
Amino acid mixture..........| 0 | 1.0 0.043 | 0.027 | 
Galactose (by difference) 0.05 — 0.106 0.123 | 1.16 
Mannose (by difference) 0.05 | 0.207 | 0.137 | 0.66 
Glucose “ " ‘veto 4 0.062 0.186 3.00 
Galactose-mannose (by | 
difference). . | 0.05 0.153 | 0.128 | 0.84 


has been observed with a number of other proteins, some of which 
contained both tyrosine and tryptophane. It appears likely that 
the error produced by free amino acids becomes significantly 
smaller when they are in a combined form as in proteins. It is 
apparent from Table IV that the absorption due to the hexoses 
alone can be readily obtained in mixtures of gelatin and hexose, 
since the absorption of each is additive. The presence of gelatin 
or amino acids in the concentrations employed has little effect 
upon the absorption characteristics of the sugar component of 
these mixtures. 
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Since tryptophane reacts with sugars to form colored compounds 
under the conditions used in this method, the effect of this amino 
acid was investigated (Table V). The results indicate that ad- 
mixture with 0.050 mg. of tryptophane introduces serious errors, 
since the total absorption cannot be explained solely by the addi- 
tive effect of the absorption due to the sugar plus that due to the 
protein and tryptophane, which was the case with sugars admixed 
with gelatin or amino acids containing no tryptophane. The 
absence of the expected additive absorption effect is probably due 
to the competition between the carbazole and tryptophane for 


TaBLe IV 
Effect of Gelatin on Carbazole Reaction 





Sugar | Gelatin | “sn Ratio, — 
| 420 
ia meen | 
Galactose ee 0.05 | 1.0 0.149 | 0.176 1.18 
Mannose.....................| 0.05 | 1.0 | 0.264| 0.199/| 0.75 
Glucose........ | 0.05 | 1.0 | 0.122) 0.276! 2.26 
Galactose-mannose 0.05 | 1.0 | 0.200) 0.188 | 0.94 
Gelatin . | 1.0 | 0.027) 0.031 
Galactose (by difference) | 0.05 0.122, 0.145 | 1.19 
Mannose (by difference) 0.05 | 0.237 | 0.168) 0.71 
Glucose ‘ - 0.05 0.095 | 0.245 2.58 
Galactose-mannose (by 
difference . .. ' | 0.05 0.171 | 0.153 | 0.89 


| 








reaction with the sugar. Tryptophane produces in each case a 
lowering of the ratio €520: 20, a result to be expected because of the 
increased absorption at 420 my by the tryptophane (Table V). 
It would appear, however, that fair values may be obtained when 
tryptophane is present in very small amounts (0.001 to 0.020 mg.). 
It is furthermore likely that, when combined in a protein, trypto- 
phane will introduce less error than when present in the free form. 
However, results obtained upon proteins containing appreciable 
quantities of tryptophane should be interpreted with caution. 

It is to be expected that glycoproteins containing glucose or 
galactose will yield és20:¢0 ratios slightly lower than the true 
values, since no correction can be made for the absorption at 420 
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and 520 my caused by the protein portion of the molecule. Since 
this absorption is considerably greater at 420 my than at 520 mu, 
the observed ratio és202€420 will be lower than the true one. Both 
this effect and that produced by tryptophane (see Tables III and 
V) will tend to increase the error in the same direction. The 
deviation will not be as great when the carbohydrate constituent 


TABLE V 
Effect of Tryptophane 


Try p- Ratio, 
Sugar Gelatin to- €420 €520 620 
phane een 


mg. per mg. per mg. per 
C. 


ce. ta cc. 

Galactose.......... 0.05 1.0 0.001 0.164 0.196 1.19 

" a. ens 0.05 1.0 0.010 0.181 0.194 1.07 

= pabaine ve ..-| 0.05 1.0 | 0.025 0.189 0.190 1.01 

” .. 0.05 1.0 0.050 0.199 0.187) 0.94 
Glucose , ‘ 0.05 1.0 0.020 0.131 0.272 2.08 

tes 0.05 1.0 0.050 0.155 0.276 1.78 
Mannose 0.05 1.0 0.020) 0.274 0.194) 0.71 

a . 0.05 1.0 0.050 0.284 0.194 0.68 
Gelatin... 1.0 0.010 0.043 0.042 

” 1.0 | 0.020 0.047 0.029 

- 1.0 0.025 0.069 0.035 

* Sb wha 1.0 0.050 0.097 0.036 
Galactose (by difference) 0.05 0.010, 0.138 0.152) 1.10 

- - > : 0.05 0.025 0.120 0.155 1.29 

= - ” 0.05 0.050, 0.102 0.151) 1.48 
Glucose (by difference) 0.05 0.020 0.084 0.243 2.79 

- - ” 0.05 0.050 0.058 0.240 4.14 
Mannose ‘‘ - 0.05 0.020 0.227 0.165 0.73 


““ ‘“ “ 0.05 0.050 0.187 0.158 0.85 


is mannose or a galactose-mannose mixture, since their ratios are 
low. Finally, the absorption at 540 my is affected so little by the 
presence of amino acids or very small amounts of tryptophane 
that quantitative estimations are not significantly altered. 

In Table VI are listed the results obtained with ovomucoid as 
well as serum mucoid. The value 0.75 obtained with ovomucoid 
indicates that mannose is the sole carbohydrate. The ratio of 
mannose to hexosamine was approximately 1:1, a result in con- 























S. Gurin and D. B. Hood 221 


formity with the previous conclusions of Karlberg (9), Masamune 
and Hoshino (19), and Meyer (8). 

The ratio 0.83 for serum mucoid suggests the presence of an 
equimolar mixture of galactose-mannose. Since the ratio of total 
hexose to hexosamine in this case is 1.6:1, the preparation may 
not be homogeneous. Hewitt (4) reported 5.6 per cent galactose- 
mannose in a sample of his seroglycoid isolated from serum. 

Two preparations of casein yielded ratios which were in good 
agreement with that given by galactose or an equimolar mixture 
of glucose-mannose. Sérensen and Haugaard (6), using the 


TaBLe VI 
Analysis of Glycoproteins 
Con- én 
Preparation* centra- . eo | Sugart) Hexose present 
tion | “2 
—| Pe TT 
imo. per| per cent! 
Ovomucoidt 0.791, 0.75 0.276, 12.5 | Mannose 
Serum mucoid{ | 0.973, 0.83 | 0.204; 7.6 | Galactose-mannose 
Gastric mucin polysac- | | 
charidet 0.195 1.19 | 0.215, 33.8 | Galactose 
Harris casein 1.785 1.08 | 0.046 0.6 | - or glu- 
cose-mannose 
Labco P 1.790 1.11 0.040) 0.5 Galactose or glu- 


| | | cose-mannose 


* All preparations were dried in vacuo at 90°. 
+ The concentration of sugar calculated from eo values at 540 my. 
t We thank Dr. K. Meyer for these preparations. 


orcinol method, reported a galactose content of 0.31 per cent, 
whereas our preparations appear to contain 0.5 to 0.6 per cent. 

The ratio €529:€20 obtained for the neutral polysaccharide of 
gastric mucin’ establishes the presence of galactose or an equi- 
molar mixture of glucose and mannose (Table VI). Galactose is 
indicated since Meyer (20) has demonstrated the presence of this 
hexose in the polysaccharide. Since the hexosamine content of 
the preparation was 31.5 per cent,’ the molar ratio of galactose to 
hexosamine was approximately 1:1, thus confirming Meyer’s 
previous findings. 


’ Kindly furnished by Dr. K. Meyer. 
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We hope shortly to report the further application of the method 
to pentoses and uronic acids as well as complex substances contain- 
ing such sugars. 


SUMMARY 


The carbazole reaction of Dische has been studied in detail as 
a method for identifying hexoses in polysaccharides and glyco- 
proteins. Under controlled conditions, the common hexoses, as 
well as their simple mixtures, yield colors which obey Beer’s 
law, and can be quantitatively estimated. 

Glucose, fructose, galactose, mannose, and equimolar mixtures 
of such sugars may be identified by their characteristic é520: eo 
ratios. The values obtained for galactose and an equimolar 
glucose-mannose mixture are nearly identical; they can therefore 
not be distinguished without the aid of supplementary tests. 

The nature of the hexose in a number of polysaccharides has 
been determined. Two samples of dog liver glycogen obtained 
following high galactose and glucose diets respectively have been 
shown to be identical with respect to their glucose content. This 
confirms the conclusions of Cajori and Karr, reached by other 
methods. Evidence obtained upon the neutral polysaccharide of 
gastric mucin confirms Meyer’s findings that the hexose is ga- 
lactose. 

The effect of amino acids, protein, and tryptophane upon the 
absorption characteristics of the sugar colors has been studied. 
The method has been applied to ovomucoid, serum mucoid, and 
casein. 
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STUDIES ON s-GLUCURONIDASE 


II. FACTORS CONTROLLING THE INITIAL VELOCITY OF 
HYDROLYSIS OF SOME CONJUGATED GLUCURONIDES 


By W. H. FISHMAN 


(From the Department of Biochemistry, University of Toronto, Toronto, 
Canada) 


(Received for publication, June 23, 1939) 


In Paper I (1) methods were described for the preparation of 
purified extracts of ox spleen containing the enzyme 6-glucuroni- 
dase and also for the study of its activity in the hydrolysis of 
conjugated glucuronides. The present investigation is a continua- 
tion of this work and is concerned mainly with some factors which 
affect the rate of hydrolysis of three different substrates; namely, 
the sodium salts of estriol, borneol, and menthol glucuronides. 
The effects of variations of the substrate concentration and of pH 
on the rate of hydrolysis have been investigated, with the result 
that it is now possible to reach a conclusion with respect to the 
conditions of pH and of substrate concentration corresponding to 
maximum velocity. With the aid of this information the rela- 
tive rates of hydrolysis of the three substrates under these condi- 
tions have been determined. One of these, estriol glucuronide, 
has been shown to be present in the urine of pregnant women and 
may exercise a definite physiological function in the organism. 
Furthermore, it is not improbable that 8-glucuronidase catalyzes 
the synthesis of this conjugated compound in the tissues, and if 
this be true the enzyme is to be regarded not merely as a catalyst 
of a detoxication process but rather as a specific physiological 
agent. The present study of the kinetics of the enzyme acting 
hydrolytically in vitro was undertaken with the purpose of estab- 
lishing a basis upon which the function of the enzyme in vivo may 
be interpreted, particularly in relation to the formation, the 
breakdown, and the physiological significance of estriol glucuron- 
ide. With respect to the other two substrates mentioned above, 
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one suspects that their formation in the tissues is also catalyzed 
by 6-glucuronidase and represents, simply, a process of detoxica- 
tion. Conjugated compounds of this type do not appear to have 
any physiological function. 

Substrates—The sodium estriol glucuronidate was an analyti- 
cally pure specimen melting at 305°, prepared according to the 
method described by Cohen and Marrian (2). Borneol and 
menthol glucuronides were prepared by Quick’s (3) procedures 
and standard solutions of the sodium salts of these acids were 
obtained in the manner previously described (1). 

Buffer—Standard acetate buffer (0.10 N) was used. The pH 
of each digestion mixture was determined electrometrically before 
and after the period of incubation, and the average of the two 
values was used. The shift in pH during incubation was usually 
negligible. 


Methods of Analysis 


The hydrolysis of menthol and borneol glucuronides was fol- 
lowed by determining the liberated glucuronic acid by the ceric 
sulfate titration method (1). Duplicate digests containing 1 cc. of 
enzyme solution, 2 cc. of 0.10 N acetate buffer, and 1 cc. of sub- 
strate solution, and a similar control digest containing boiled 
enzyme were incubated for 90 minutes at 37.5°. The reaction 
was stopped by the addition of 2 drops of 2.5 N sodium hydroxide 
solution and the increase in reducing power due to free glucuronic 
acid was determined. Conditions were such that only small 
amounts of glucuronic acid were liberated and therefore the con- 
centration of ceric sulfate (0.0216 N) employed in the experiments 
of the previous paper was too large to make possible reliable 
determinations in the present work. A standard curve was 
therefore constructed which covered a titration range of 14 cc. of 
0.00216 N ceric sulfate, corresponding to varying amounts of 
glucuronic acid up to 1.3 mg. With the aid of this curve, net 
titration differences in the case of the enzyme digests were trans- 
lated into mg. of glucuronic acid. 

Owing to the fact that the supply of estriol glucuronide was 
limited, it was necessary to establish experimental conditions such 
that this supply could be conserved. Therefore, in the case of 
this substrate liberated free estriol was determined and not 
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glucuronic acid. For this purpose, the Kober colorimetric method 
as modified by Venning et al. (4) was employed. A standard 
curve was prepared correlating known amounts (0 to 50 y) of 
pure estriol with the corresponding galvanometer deflections; a 
photoelectric colorimeter was used. This method makes pos- 
sible the accurate estimation of amounts of estriol as low as 10 y, 
whereas the ceric sulfate method is reliable only with consider- 
ably larger amounts of free glucuronic acid. In the application 
of the colorimetric method it was necessary to separate the free 
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Fic. 1. The effect of pH on the hydrolysis of sodium estriol glucuronidate 
by ox spleen glucuronidase. 

Fic. 2. The effect of pH on the hydrolysis of sodium borneol glucuroni- 
date and sodium menthol glucuronidate by ox spleen glucuronidase. 


estriol from the unhydrolyzed estriol glucuronide by partitioning 
with ether, which extracts the free estriol selectively and 
quantitatively. 

Duplicate digestion mixtures containing 0.2 cc. of enzyme solu- 
tion, 0.4 ce. of 0.10 N acetate buffer, and 0.2 ec. of a solution of 
sodium estriol glucuronidate were incubated for 30 minutes at 
37.5°. At the end of this period each mixture was transferred to 
a 125 ce. separatory funnel; the digestion flask was washed with 
20 ce. of distilled water which was added to the contents of the 
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funnel. The free estriol was extracted from the solution by being 
shaken four times with 10 cc. portions of ether; the ether extract 
was finally washed with 10 cc. of distilled water and was evapo- 
rated to dryness. The residue was dissolved in alcohol and the 
solution made up to 10 cc. in a volumetric flask with alcohol. 
The amount of estriol in this solution was then determined by 
the procedure of Venning ef al. No estriol was liberated in the 
controls containing boiled enzyme. 
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Fic. 3. The relation of initial velocity of hydrolysis to substrate con- 
centration (8S). 


In the case of the hydrolysis of all three substrates, care was 
taken whenever possible to use data relating to the linear portion 
of the time-change curve. 

Effect of pH on Activity of 8-Glucuronidase Prepared from Ox 
Spleen—The activities of a preparation of ox spleen glucuronidase 
in the hydrolysis of 0.1 N sodium menthol, 0.1 N sodium borneol, 
and 0.005 N sodium estriol glucuronidates at various pH levels 
are plotted in Figs. | and 2. The hydrolysis of sodium menthol 
glucuronidate proceeds most rapidly at pH 5.0, that of sodium 
borneol glucuronidate at pH 4.4, and of sodium estriol glucuroni- 
date at pH 4.3. Masamune (5) in 1934, using citrate buffer, re- 
ported a pH optimum of 5.3 for menthol glucuronic acid and 5.3 
to 5.6 for phenol glucuronic acid; Oshima (6), using acetate buffer, 
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found pH 5.0 to 5.2 to be optimum in the case of the spleen 
enzyme acting on sodium menthol glucuronidate. 

Variation of Initial Velocity of Hydrolysis with Substrate Concen- 
tration—The initial rates of hydrolysis of sodium menthol glu- 
curonidate at pH 5.3, of sodium borneol glucuronidate at pH 4.4, 
and of sodium estriol glucuronidate at pH 4.3 at different sub- 
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Fic. 4. Time course for the hydrolysis of some conjugated glucuronides. 
Experiment A, sodium estriol glucuronidate; Experiment B, sodium bor- 
neol glucuronidate; Experiment C, sodium menthol glucuronidate. 


strate concentrations were measured. When these initial veloci- 
ties were plotted against substrate concentrations, each curve 
showed a maximum velocity. This maximum amount of hydroly- 
sis in the time interval employed was arbitrarily given the value 
of 1. The other initial velocities could then be compared on this 
empirical basis as fractions of 1. 

The relative initial velocities of hydrolysis are plotted in Fig. 3 
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against the logarithms of the reciprocals of the substrate concen- 
trations. The dissociation constant of the enzyme-substrate com- 
plex (Km) was evaluated from Fig. 3 in the usual manner and the 
reciprocals of Km (1/Km) for the various enzyme substrate com- 
pounds (the affinity constants) were then calculated. The data 
are summarized in Table I. The enzyme was apparently satur- 
ated with sodium menthol glucuronidate at a concentration of 
0.030 M, with sodium borneol glucuronidate at 0.025 m, and with 
sodium estriol glucuronidate at 0.00125 M. 

Relative Rates of Hydrolysis of Various Substrates by Spleen 
Glucuronidase—After the optimum conditions of hydrogen ion 
and substrate concentrations were established for the hydrolysis 
of the sodium salts of estriol, borneol, and menthol glucuronides, 
the time course of the hydrolysis of these substrates under these 
conditions was next followed. The data are plotted in Fig. 4. 

Since the hydrolysis apparently proceeds linearly for only 30 
minutes in Experiment A, although for a longer period in the case 
of Experiments B and C (Fig. 4), one cannot justifiably compare 
the rates of hydrolysis of all three substrates after more than 30 
minutes digestion. In Table I are recorded the relative degrees 
of hydrolysis of the substrates in 30 minutes under optimum 
conditions. 


DISCUSSION 


According to Michaelis and Menten (7) a chemical union, 
governed by the law of mass action, is considered to take place 
between enzyme and substrate. The product of this combina- 
tion, the so called enzyme-substrate compound, breaks up into 
reaction products and free enzyme. It is believed that the en- 
zyme is effective only when it is united to substrate and thus the 
concentration of the enzyme-substrate compound controls the 
rate of the formation of products. The concentration of this 
enzyme-substrate compound is in turn dependent on the degree 
of dissociation or its dissociation constant Km. 

When initial velocity of hydrolysis (V) is plotted against the 
negative logarithm of substrate concentration (S) the curves are 
S-shaped (Fig. 3); a similar relationship was established many 
years ago by Michaelis and Menten for the invertase-sucrose 
system and by subsequent workers for numerous other enzyme 





a 




















W. H. Fishman 231 


systems. The present observation is taken to indicate that the 
enzyme unites with substrate in the manner postulated by Mich- 
aelis and Menten. Km for each system is the value of the molar 
concentration of substrate at one-half the maximum velocity. 
These values agree with those obtained by a method of Lineweaver 
and Burk (8), in which S/V is plotted against S. 

These considerations provide a means of studying the relative 
affinities of the enzyme for these various substrates, viz., by 
comparing the reciprocals of Km. From Table I, it is evident that 
the enzyme has a much greater affinity for sodium estriol glu- 
curonidate than for the other two substrates. This may be. a 
very interesting observation for the reason that estriol glucuroni- 
date is an important constituent of living mammalian tissue, 


TaBLe I 
Comparison of Relative Degrees of Hydrolysis of Various Substrates with 
Their Affinities for the Enzyme 











Degree of 
K 1/K : 
Substrate (Michaelis | ( setien phen ae of 
constant) | affinity) 30 min. 
<a pe oe, | percent 
Sodium estriol glucuronidate...... 0.0005 | 2000 =| (6.77 
“ borneol |. “anne 0.01 100 2.59 
“ menthol en eee | 0.004 | 250 2.14 


while the other two compounds do not occur normally in the 
animal body. The most rapid breakdown of enzyme-substrate 
to form the products of the reaction (Table I) is found in the case 
in which the enzyme has the greatest affinity for the substrate. 
From Masamune’s data the ratio of the rate of the hydrolysis 
of sodium menthol glucuronidate to that of sodium borneol 
glucuronidate is 23.1:7.9 per cent or 3:1. The ratio found in 
the present study with these two substrates was 2.14:2.59 per 
cent or roughly 1:1. It should be pointed out that Masamune 
hydrolyzed these two substrates at the same pH of 5.3, a value 
which is far from the optimum region for the hydrolysis of the 
borneol compound. Moreover, the concentrations of substrate 
employed by Masamune would appear, in the light of the present 
observations, to have been insufficient to saturate the enzyme, 
with the result that at no time was the enzyme functioning under 
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optimum conditions with respect to substrate concentration. It 
should be mentioned also that the Japanese workers placed no 
emphasis, in their kinetic studies, on initial velocity measurements. 
On the basis of these considerations the 1:1 ratio may be re- 
garded as being more reliable than that reported by Masamune. 

8-Glucuronidase provides a useful agent for the assay of estriol 
glucuronide in urine. From a study of the data obtained with 
sodium estriol glucuronidate, its enzymatic hydrolysis in urine 
should proceed best at pH 4.3 and a concentration of the glucuron- 
ide in the neighborhood of 0.00125 m. 


SUMMARY 


1. The optimum pH for the hydrolysis of sodium estriol glu- 
curonidate by ox spleen glucuronidase is pH 4.3, of sodium borneol 
glucuronidate pH 4.4, and of sodium menthol glucuronidate 
pH 5.0. 

2. The dissociation constant of the enzyme-substrate complex 
in the case of the hydrolysis of sodium estriol glucuronidate is 
0.0005 m, of the sodium borneol glucuronidate 0.01 m, and of sodium 
menthol glucuronidate 0.0040 m. The reciprocals of these values, 
i.e. the affinities of the enzyme for the substrates, are respectively 
2000 in the case of sodium estriol glucuronidate, 100 for sodium 
borneol glucuronidate, and 250 for sodium menthol glucuronidate. 

3. The enzyme hydrolyzes sodium estriol glucuronidate at 
about 3 times the rate at which it hydrolyzes sodium menthol and 
sodium borneol glucuronidates, when the conditions of pH and of 
substrate concentration are optimal in each case. 


The author is indebted to Dr. A. M. Wynne for much construc- 
tive criticism and advice. 
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VITAMIN C STUDIES IN THE RAT. THE EFFECT OF 
COPPER AND VARIOUS ORGANIC SUBSTANCES* 


By JOSEPH L. SVIRBELY 


(From the Department of Science, Margaret Morrison Carnegie College, 
Carnegie Institute of Technology, Pittsburgh) 


(Received for publication, August 16, 1939) 


A decrease in the concentration of vitamin C, estimated by the 
indophenol titration method, has been observed to occur in certain 
organs of the rat with fatigue (1), and following administration of 
desiccated thyroid gland (2) and bromobenzene (3). Such a 
decrease was not observed with changes in composition of the 
diet (2, 4), chronic fluorosis (5), phosphorus poisoning (6), or 
the feeding of various inorganic and organic substances (3). A 
more extensive summary concerning the determination, distribu- 
tion, and synthesis of vitamin C in nature is given in several 
recent reviews (7-9). This paper is a result of a more detailed 
investigation concerning the administration of substances which 
interfere with the normal metabolic activities of the organs of 
the rat. 


EXPERIMENTAL 


Young albino rats, reared in this laboratory from a closely 
inbred strain, were used in the tests. Ralston’s Purina Dog 
Chow, a balanced diet which is devoid of vitamin C, was the basal 
ration fed. The composition of the other diets used in the experi- 
ments was: (a) 6 per cent casein, 45 per cent corn-starch, 15 per 
cent sucrose, 4 per cent Osborne and Mendel salt mixture (10), 
5 per cent cod liver oil, 20 per cent lard, and 5 per cent dried 
yeast; (b) 18 per cent casein, 32 per cent starch, 15 per cent 
sucrose, 4 per cent Osborne and Mendel salt mixture (10), 5 per 

* The greater part of the material upon which this paper is based was 


presented before the meeting of the American Chemical Society at Roch- 
ester, New York, September, 1937. 
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cent cod liver oil, 15 per cent lard, 9 per cent dried yeast, and 2 
per cent agar-agar; (c) 52 per cent casein, 3 per cent Osborne and 
Mendel salt mixture (10), 30 per cent butter fat, 15 per cent lard, 
and, in addition, 0.4 gm. of dried yeast daily to each rat. This 
diet is referred to in Table I as carbohydrate-deficient. 

The technique used in the preliminary care for the animals and 
the estimation of vitamin C in the organs adequately described in 
a previous paper (2) was followed. This method is similar to 
that used in other laboratories. 


DISCUSSION 


The distribution of vitamin C in animal tissues is localized for 
the greater part in the liver and gut. The presence of ascorbic 
acid in the adrenals has been regarded as having a general rather 
than a specific significance (7). The spleen is not usually regarded 
as essential to life and may show fluctuations in weight response 
even under normal conditions, owing to rapid changes in volume 
which may affect the vitamin concentration. 

The concentration of the vitamin per gm. of tissue, as ordinarily 
expressed, should be corrected for the marked changes in weight 
which may occur either from changes in composition of the diet 
or under the influence of substances which interfere with the 
normal metabolic activities of the liver and gut, which are the 
main organs concerned with, the detoxication of such foreign 
substances. Such a correction can be based on observations on 
the control animals. With uniform conditions of diet, sex, and 
age, fairly consistent data are obtained as regards the vitamin C 
concentration in the organs and the relative weights of these two 
organs per 100 gm. of final body weight. Administration of 
toxic substances may result in a variable response in the weight 
of the organs and the vitamin distribution. Recalculation of 
the data in a previous publication (3) to conform with this sugges- 
tion indicated only slightly higher figures for many of the values 
recorded. Bromobenzene alone of the substances given seemed 
to be the only halogenated compound to interfere in any appre- 
ciable degree with the synthesis of vitamin C in the rat. 

Attention has been directed in several laboratories toward the 
interpretation of data obtained by the indophenol titration 
method. The dye may react rapidly with small amounts of non- 
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vitamin reducing substances present in certain organs (7) or with 
intermediate compounds formed in the body after the administra- 
tion of foreign substances (3). Compilation of data in such cases 
may extend our knowledge concerning the metabolism of the 
organs and may yield information regarding the site of synthesis 
or possible precursors of the vitamin in those animals not sus- 
ceptible to scurvy. 

The réle of ascorbic acid in toxie conditions has been actively 
studied in many laboratories. Although the injections of toxins 
may cause a depletion of vitamin C from the tissues of guinea 
pigs, the addition of ascorbic acid in those animals not subject to 
scurvy has been shown to be without effect on the course of intoxi- 
cation or infection (9). As has been pointed out (9), no case has 
been made for ascorbic acid as an antitoxic agent per se; that is, 
apart from its influence as an antiscorbutic agent. 

Detoxication studies with naphthalene and bromobenzene with 
low 8 diets indicated that cysteine, cystine, and dl-methionine 
augmented the synthesis of mercapturic acid in rats and it has 
been suggested that dietary S determines the extent of mer- 
capturic acids only in so far as it affects the nutritional state of 
the animal (11). Glutathione may also play a possible réle as 
a detoxicating agent (12). Jn vitro studies have indicated that 
cysteine, cystine, and glutathione may play a part in the pro- 
tective mechanism of the oxidation of vitamin C by copper (13). 
Rats fed as high a level as 25 to 50 mg. of CuSO, daily for a period 
of 25 to 16 days still showed a fairly high level of ascorbic acid 
in the organs (3). Excessive amounts of copper were found to 
induce a higher demand for vitamin C in guinea pigs (14). Since 
the composition of the diet may play a part in the detoxication 
mechanism of the body, the earlier work with Cu, bromobenzene 
(3), phlorhizin, and lactose (2), previously reported with the 
balanced Dog Chow ration, was repeated with diets of varying 
casein content. 

The data in Table I indicate that significant amounts of vitamin 
C are found in all the organs regardless of the diet fed or the sub- 
stance administered. No decrease was noted in the adrenals of 
rats fed methylene blue as contrasted with the drop in the adrenals 
of guinea pigs injected with 2 mg. of methylene blue per kilo of 
body weight (15). The data indicate that, in the rat and possibly 
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other animals not subject to scurvy, the body has a protective 
mechanism which may involve the sulfhydryl compounds in 
order to maintain the amount of vitamin C at a fairly high level 
in the organs. The data also suggest that a correction for the 
actual weights of the organs should be made, based on those of 
the control animals, since there is a wide variation in the weights 
of the liver and gut depending on the diet and substance admin- 
istered. Bromobenzene, with the high levels of casein in the diets, 
did not show the noticeable decrease in vitamin C content of 
the liver (previously noted with Dog Chow). The total amount 
of ascorbic acid in the organs extracted, however, was much lower 
in the bromobenzene-fed rats on the 18 per cent casein diet than 
on the 52 per cent casein diet and the decrease with the former 
diet approximated that found with Dog Chow. Phlorhizin with 
the casein diets showed consistently higher reducing values for 
the gut than the liver, as did a mixture of lactose and phlorhizin 
with Dog Chow. Indophenol blue resembled bromobenzene in 
showing a slight decrease in the total amount of vitamin C in the 
organs extracted on all the diets except the 52 per cent casein diet. 
The figures recorded for the closely related compounds acetanilide 
and acetophenetidin as well as for amidopyrine and antipyrine 
are of interest not only in the steady increase in vitamin C content 
of the adrenals but also in the fact that the reducing capacity of 
the liver and gut is much higher in the second pair of compounds 
than the first pair. 

The data in Table II indicate that the reducing capacity of the 
liver and gut, which are mainly concerned with the detoxication 
of the substances injected in small repeated doses, was not de- 
creased (except in case of toluenediamine) but either remained the 
same or was higher than that of the control animals. Camphor, 
borneol, toluenediamine, and hydrazine showed marked decreases 
in the vitamin C values of the adrenals. The reducing (vitamin 
C concentration ?) capacity of the liver and gut is noticeably 
increased if correction be made for the wide variation in the weight 
of these organs which results from the administration of these 
foreign substances. Pyridine gave exceptionally high values and 
a derivative of this compound (pyridium) has been shown to yield 
erroneously high reducing values for vitamin C excretion in the 
urine of patients fed this compound even for a period of 3 days 
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after administration (16). Whether the increases in reducing 
capacity in such cases are due to intermediate compounds formed 
during the detoxication and which may themselves reduce the 
dye or due to the increased amount of sulfhydryl compounds 
supplied to the organism at the expense of its own tissue to de- 
toxicate such foreign substances is a problem to be still worked out. 
The increase can scarcely be attributed to any synthesis of vitamin 
C by the rat from such substances, since the values recorded should 
be higher than those obtained from the amounts injected. 


SUMMARY 


1. Rats maintained on diets of varying composition and fed 
Cu (as CuSO,) or various organic compounds (among them being 
indophenol blue, methylene blue, and bromobenzene) showed 
appreciable amounts of vitamin C in the organs. 

2. Injections of organic substances such as pyridine, menthol, 
borneol, thymol, camphor, phenylacetic acid to fasting rats or 
the feeding of amidopyrine and antipyrine to rats maintained on 
a Dog Chow diet showed high reducing capacities of the liver and 
gut. Toluenediamine showed a decrease in vitamin C content 
of these two organs. Phlorhizin showed higher reducing values 
for the gut than the liver. 

3. The feeding of acetanilide, acetophenetidin, and, to a smaller 
extent, amidopyrine, and the injections of camphor, borneol, 
toluenediamine, and hydrazine resulted in marked decreases in 
ascorbic acid content of the adrenals. 

4. The concentration of vitamin C per gm. of tissue, ordinarily 
based on the actual weights of the organs, should be corrected for 
the variation in weight of the liver and gut which may result from 
the administration of foreign substances. This correction can 
be based on observations on the control animals and the relative 
weights of the organs per 100 gm. unit of final body weight. 
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The study of carbonic acid equilibrium in muscle and other 
tissues, the calculation of intracellular pH, and the distribution 
of HCO, ions between the intra- and extracellular phases of tissues 
require that the first dissociation constant of carbonic acid, pK’), 
be known in such systems. 

The pK’, of carbonic acid in erythrocytes and plasma has been 
accurately established (1), but, as far as we are aware, no attempt 
previously has been made to determine its value in tissues. 

When it has been used in the past to calculate muscle pH, as 
by Meyerhof, Méhle, and Schulz (2) and by Fenn and Maurer 
(3), its value has been based on previously determined values 
for pK’, inserum. For example, Fenn and Maurer, in estimating 
the intracellular pH of frog muscle, used the value 6.19 at 22°; 
Meyerhof, Moéhle, and Schulz used the value 6.40 at 20°. 

The present paper is concerned with the determination of 
pK’, in concentrated protein solutions, including muscle brei, 
at a temperature of 38°, and, by extrapolation, the estimation of 
the value of pK’; in muscle cells. 


Theoretical 


In the determination of pK’; in aqueous solutions, it has been 
customary to calculate its value from the logarithmic form of 
the mass law equation, 


[H,CO,] 
|HCO,-T 





pK’; = pH + log (1) 
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For the purposes of the present paper, [H:CO;] and [HCO,-] 
will be defined as follows: 
pCo, 1000 


[H,CO,] ma per kilo H,O = 760 x 20.96 X abo, =f xX pCO, (2) 
(pCO, = partial pressure of CO, expressed as mm. of mercury; at, = the 


solubility coefficient of CO, expressed as cc. of CO;, reduced to standard 
conditions, dissolved in 1 gm. of the water of the solution.) 


{[HCO;} mo per kilo H,O = [total CO.) — [HCO] (3) 


So defined, [HCO;~]} includes any carbamino CO, which may 
be present in the protein solutions. 

The equation defining pK’, may be rewritten in the form 
; [total CO,] — (f X pCO,) 


|) K’; = pH + 1 
pK’, = pH + log J X pCO, 





(4) 


where f is a function of the solubility coefficient of CO, and is 
defined by Equation 2. 

By determining the pH and total CO, content of the liquid 
phase and the CO, tension of the gas phase of protein and tissue 
solutions at equilibrium, the data necessary for the calculation 
of pK’, were obtained. 

Solubility Coefficient of CO, in Protein Solutions—Direct deter- 
minations of the solubility of CO, in acidified serum and diluted 
hemolyzed red blood cells have been made by Van Slyke, Sendroy, 
Hastings, and Neill (4). From their data, one may estimate 
‘ the extent to which the presence of protein increases the amount 
of CO, dissolved per gm. of water. The magnitude of this in- 


i ns ee 


{ crease, Aa®, may be defined as the increment of CO, per gm. of 
g protein present per gm. of water. In their individual experi- 
a ments, de® varied from 0.1 to 0.3, with a mean value of 0.2. We 
i have used this value of Aa@® to estimate the appropriate solubility 
i coefficient to be applied in individual experiments. Although 
if it would be desirable to have more exact information on the true 
: solubility coefficient in tissues, it is a matter of minor importance 


o for the purposes of the present paper. It may be estimated that 
the difference in the values of pK’, obtained by the use of the 
two extreme values for Aa rotein WOuld amount to only 0.01 to 
0.02. This is within the reproducibility of our determinations. 




















Danielson, Chu, and Hastings 245 


Since our experiments were carried out in a constant tempera- 
ture room which was usually 1° or 2° below 38°, the appropriate 
value of ade, was estimated for the actual temperature of each 
experiment. 

The following equation, which includes correction factors for 
the influence of protein and temperature on a, was used to cal- 
culate the appropriate a® for each experiment, carried out at 
temperature t, a? = 0.530 + [0.2 X (protein)] + [0.0125 x 
(38 — t)], where 0.530 is the solubility of CO, in 0.16 m NaCl 
expressed as cc. per gm. of H,O. 

From this equation, it may be estimated that tissue cells, whose 
protein concentration equals approximately 0.310 gm. per gm. 
of water, would dissolve 0.592 cc. of CO, per gm. of cell water 
at 38°. 


EXPERIMENTAL 


The technique employed in the present experiments did not 
differ in principle from that used in previous studies of pK’, in 
blood. However, it was found necessary to devise a modified 
tonometer which permitted the easy admission and withdrawal 
of very viscous solutions, and the determination of pH without 
transfer of material. 


Apparatus 


The special tonometer used is shown in Fig. 1. It consists es- 
sentially of two chambers C and F connected by a ground glass 
joint D and two 2-way ground glass stop-cocks to permit connec- 
tions between the two chambers or the exterior, as desired. 
Chamber C has a capacity of about 140 cc. and chamber F a 
capacity of about 15 cc. When in use, the two chambers are 
held tightly together by means of rubber bands over hooks, H. 

In order to obtain samples of material from chamber C, its 
contents are displaced by mercury. After equilibration is com- 
pleted, a leveling bulb filled with mercury and carrying a stop-cock 
is connected to tube A of the tonometer. Air in the tube is dis- 
placed with mercury by turning the lower stop-cock so as to 
connect A with B. A bent glass tube G, 12 cm. long, is connected 
to the outlet tube E for the purpose of drawing off samples of 
the liquid phase for the determination of its CO, and H,O content. 
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Chamber F is for the purpose of determining the pH of the mate- 
rial with a glass electrode without changing the CO, tension of 
the material. Into the top of chamber F is inserted a rubber 
stopper carrying a glass electrode K, a KCl-agar bridge L, and 
an outlet tube J with a stop-cock 3. 

The glass electrode was made by fusing a small bead of Corning 
soft lime glass, No. 015, to a length of ordinary soft glass tubing. 
From this small bead, a very thin glass bulb was blown. Several 











Fic. 1. The special tonometer 


such electrodes were prepared and those whose resistances were 
less than 100 megohms were selected for use. Each was filled 
with 0.1 Nn HCl, and the resistance of each electrode was deter- 
mined. Before use in a determination, each electrode was tested 
by determining the pH of several known acetate and phosphate 
buffers which were checked by the hydrogen electrode. The 
glass electrode and hydrogen electrode, when tested on the same 
buffer solutions between pH 4.6 and 7.6, agreed to within 0.01 pH. 
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Analytical Methods 


CO, in Gas Phase—The percentage of CO, in the gas phase was 
determined by the Van Slyke method (5) and checked in the case 
of one experiment by the Haldane method. In this case, the 
Van Slyke method gave 11.05 per cent and the Haldane 11.09 
per cent. 

CO, in Liquid Phase—The mm of total CO, per kilo of liquid 
phase were determined by the side tube method described 
previously (6). Approximately 1 gm. of the liquid phase was 
forced through G into a side tube containing 2 cc. of 0.1 Nn NaOH, 
2 cc. of FeF; mixture, and 4 drops of octyl alcohol, and immedi- 
ately stoppered. The stoppered side tube and its contents were 
weighed before and after the addition of the sample. 

pH—lIn order to obtain the pH of the equilibrated solution, 
chamber F was nearly filled with the material by positive mercury 
pressure, the displaced gas being allowed to escape through J. 
When the chamber F was nearly filled with the liquid phase, both 
the stop-cock 3 on the outlet tube and the upper 2-way cock 2 
were turned in order to isolate this section completely. The tip 
of a saturated KCl calomel half-cell was placed in the 0.1 n HCl 
in the glass electrode. The other end of the KCl-agar bridge 
was placed in a small beaker containing saturated KC! solution. 
In this beaker was placed the tip of a second saturated KCl calomel 
half-cell. The two calomel half-cells were connected to the leads 
of a Leeds and Northrup glass electrode potentiometer. The 
system was calomel half-cell/0.1 N HCl|glass|/unknown| KCl 
agar|saturated KCI solution|calomel half-cell. 

The pH determination was carried out in the constant tempera- 
ture room at the same temperature at which equilibration was 
accomplished. 

Before and after each experiment, the potential of the system 
was determined with “standard acetate” (Michaelis) substituted 
for the protein solution. The pH of the “standard acetate’’ was 
determined with the hydrogen electrode and its value referred 
to 0.1 N HCl, assuming for the pH of the latter 1.08. The pH 
values of the protein solutions reported in our experiments have, 
therefore, been based on the pH value 1.08 of 0.1 n HCl. 

Per Cent Water—The amount of water in the equilibrated 
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mixture was determined by forcing about 1 gm. of material from 
tube G into weighed weighing bottles. After the bottle with 
the sample was weighed, it was placed in a drying oven at 110° 
for 18 to 24 hours. From the loss in weight, the per cent of water 
was determined. 

Protein—The percentage of protein of the solution was ob- 
tained by determining the total nitrogen in a sample of the liquid 
phase by the Kjeldahl method and multiplying this value with 
the factor 6.25 in all cases except that of the hemolyzed red cells. 
In the latter case, the nitrogen value was multiplied by the fac- 
tor 5.78. 


Preparation of Experimental Solutions and Gas Miztures 


Muscle Suspension—The muscle used in these experiments was 
obtained from normal cats. Cats were placed under amytal 
anesthesia and the muscles of the back legs and thighs were dis- 
sected out, freed of visible fat, and excess blood wiped off with a 
piece of filter paper. They were then immediately placed in 
a container of liquid air. While frozen, the muscle was ground 
in an iron mortar and liquid air was added from time to time to 
keep it frozen. After it had been reduced to a state of fine sub- 
division, it was placed in large Pyrex test-tubes (25 XK 200 mm.) 
and allowed to thaw. It was again frozen by submerging the 
test-tubes in a container of liquid air, and again allowed to thaw. 
This procedure was repeated a total of five times in the hope that 
most of the muscle fiber membranes would be ruptured so that 
a solution of material representing the contents of a muscle could 
be obtained. Microscopic examination of muscle material after 
this procedure revealed that only a few muscle fibers remained 
intact. Since the material was quite acid, neutralization was 
effected as follows: To weighed amounts of the muscle brei, as 
prepared above, quantities of 0.16 m NaOH were added to bring 
the mixture to the desired pH. The suspension was diluted to 
the desired protein concentration with 0.16 m NaCl solution. 
About 110 gm. of protein per kilo of suspension were the maximum 
concentration we could obtain and still have the material flow 
freely enough for equilibration. Sufficient NaHCO, was added to 
provide a reasonable final bicarbonate concentration. Through- 
out all these experiments, an attempt has been made to maintain 
an ionic strength of 0.16 M. 
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Hemolyzed Red Blood Cells—Fresh, defibrinated steer blood was 
centrifuged at high speed and the serum drained off. The cells 
were washed once with 0.9 per cent isotonic salt solution. The 
centrifuged cells were placed in large Pyrex test-tubes (25 x 200 
mm.) and the tubes were then immersed in a container of liquid 
air. After thoroughly freezing, they were allowed to thaw. 
Again they were frozen in liquid air and allowed to thaw. This 
process was repeated five times.! 

After this treatment, the cells were completely hemolyzed. 
More dilute solutions of hemolyzed cells were prepared by adding 
a solution of NaCl containing the desired amount of NaHCO. 
The strength of the sodium chloride was such that the ionic 
strength of the added solution was 0.16 m. 

Egg White Solutions—The yolks and whites of fresh eggs were 
separated. In some experiments, the preparation was used in 
this state. In other experiments, in which a more dilute solution 
was desired, the egg white was diluted with NaCl solution, con- 
taining the required amount of NaHCO, and having an ionic 
strength of 0.16 m. This dilution was made in the same manner 
as described above for hemolyzed red blood cells. 

Egg Albumin Solutions—A sample of pure egg albumin, pre- 
cipitated by saturating with (NH,)2SO, and which had previously 
been recrystallized five times, was kindly furnished to us by Mrs. 
Newman of the Department of Physical Chemistry. This sus- 
pension was placed in cellophane tubing, and dialyzed in the 
cold room at 4° against distilled water until it was free from 
(NH,)eSO,. A water-clear solution of egg albumin was obtained. 
To 90 ce. of this solution were added 189 mg. of NaHCO, and 
711 mg. of NaCl to bring the ionic strength to 0.16 m and to the 
desired bicarbonate concentration. In all of these experiments, 
we have assumed the effective ionic strength of the protein mole- 
cule to be negligible. In other experiments in which a higher 
pH was desired, the required amount of NaOH was added with 
a correspondingly smaller amount of NaCl to maintain the ionic 
strength of 0.16 M. 

Salt Solution—In order to check the apparatus and technique 
used in the present experiments, we determined the pK’; of car- 


‘In order to prevent breakage of the test-tubes by the expansion of the 
red cells on freezing, a length of rubber tubing, plugged at the lower end 
by a short glass rod, was placed in the tube to allow for expansion. 
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bonie acid on solutions of NaHCO; and NaCl of known ionic 
strength. These values were found to agree with those reported 
by Hastings and Sendroy (7), recalculated to conform with the 
more recent values for CO, solubility. 

Gas Mixture—The gas mixtures used were prepared by mixing 
CO, and air, in measured amounts, and they were stored in the 
36° room in a 20 liter calibrated carboy over acidified water. 

Technique of Experiments—The tonometer (Fig. 1) was pre- 
pared for an experiment by separating the parts C and F and 
lubricating well the stop-cocks and the ground glass joint D. 
The leveling bulb and tube G were removed. The rubber stopper 
in chamber F carrying the glass electrode was replaced with a 
l-hole rubber stopper carrying an outlet tube with a short piece 
of rubber tubing which could be closed with a screw clamp. 

Into chamber C, through the opening D, were introduced 30 ce. 
of the solution to be equilibrated. The upper part of the to- 
nometer, F, was then connected with the lower portion, C, and 
rubber bands stretched over the glass hooks, H, in order to hold 
together the two sections of the tonometer. The solution was 
then ready to be equilibrated with the gas mixture. Equilibration 
was carried out in a constant temperature room maintained at 
36°. The tonometer was clamped in a horizontal position and 
tube A was connected through a water trap to the gas mixture 
reservoir. The gas mixture was passed through the tonometer 
for about 5 minutes, entering through tube A into chamber C 
and then into chamber F and out the rubber tube in the stopper 
in F. After 5 minutes, the stop-cocks / and 2 were turned off 
and the screw clamp tightened on the outlet tube from F. The 


tonometer was then attached to a rotating machine and slowly © 


rotated for 10 to 30 minutes. Again the gas mixture was passed 
through the tonometer for 5 minutes and again rotated. This 
process was repeated at least four times. The total period of 
equilibration was never less than 2} hours and, in some experi- 
ments, as long as 4 hours. 2} hours were shown by analysis to 
be more than sufficient to establish equilibrium between the gas 
and liquid phases, even with a fairly viscous protein solution. 
After equilibrium was established, the tonometer was clamped 
in an upright position and the mercury leveling bulb attached to 


A. Any air in tube A was expelled through outlet tube B. The _ 
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rubber stopper in chamber F was replaced by the stopper carrying 
the glass electrode, KCl-agar bridge, and an outlet tube, as shown 
in Fig. 1. A reservoir for storing the gas phase for analysis was 
connected to E by means of a short length of rubber tubing. 
Before the sample of the gas phase was taken, the connecting tubes 
were evacuated. After evacuation, the connecting tubes were 
washed out three times with small amounts of the gas phase in 
chamber C. During the process of washing out the connecting 
tubes and taking the sample, great care was taken to minimize 
fluctuations of the gas pressure within the tonometer. Approxi- 


mately 45 cc. of gas were drawn into the gas reservoir for analysis. ~ 


Stop-cock 2 was turned so as to connect chamber C with F and 
stop-cock 3 opened to the exterior. The remaining gas in chamber 
C was slowly forced into F and out through J. Chamber F was 
nearly filled with the liquid phase and all stop-cocks turned off. 
This provided a sample of the liquid still equilibrated with the 
same CO, tension as in chamber C and in such a position that the 
pH could be taken with the glass electrode. 

Tube G was connected to outlet tube Z, as in Fig. 1. Through 
this tube, samples of the liquid phase were taken for the analysis 
of the water content, protein content, and CO, content. Samples 
for the determination of the water content were taken in small 
tared weighing bottles; samples for protein determinations were 
taken in small weighed vessels which, after being reweighed, could 
be dropped directly into a Kjeldahl flask. Samples for the analysis 
of the CO, content were taken in side tubes, described in a pre- 
vious paper (6). The analysis was carried out as described above. 

All equipment used during equilibration and sampling, aside 
from the sampling tubes, had been kept in the constant tempera- 
ture room until it reached temperature equilibrium. 

The temperature of the room was recorded at the time the 
pH was determined. This temperature was taken as the equilibra- 
tion temperature, as well as that of the pH measurement. The 
temperature of the warm room remained constant to within 
+0.1° during the experiment. The barometer was read at the 
same time. 

Specimen Calculation of pK';—The following typical calculation 
will illustrate the method of calculation of pK’, from the data 
obtained in our experiments. 
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Original Data 


Temperature = 36.1°; barometric pressure (corrected) = 777.0 mm. Hg; 
vapor pressure of water = 44.4 mm. Hg 

CQ, in liquid phase, mm per kilo protein solution = 53.25 

Protein, gm. per kilo solution = 109.1 

H,0, gm. per kilo solution = 877.1 

CO,, in gas phase, per cent = 6.64 

pH = 7.627 


Calculated Values 


Protein, gm. per gm. H,O = 109.1/877.1 = 0.1244 
a® = 0.530 + (0.2 * 0.1244) + (0.0125 & (38 — 36.1)) = 0.579 
pCO», mm. Hg = 0.0664 (777 — 44.4) = 48.64 


48.64 < 0.579 & 1000 
H;COsj}, kilo H,O = = 
[ 3], mm per kilo H.C 70 X 22.8 


[CO,], mm per kilo H,O = 53.25/0.8771 = 60.71 
{[HCO,;"}, mm per kilo H,O = 60.71 — 1.67 = 59.04 
Substituting the values for pH, [H2CO,], and [HCO;"| in the equation 


1.665 


{H,CO,] 


K’, «= pH +1 
PR’ = pH + 108 C0,-] 


one obtains 


+e 1.665 
pK’; = 7.627 + log = 6.078 


In the subsequent presentation of our results, only the essential 
original data and the values of pK’, calculated therefrom will 


be given. 
Results 


The results of our determinations of pK’; are presented in 
Tables I to IV. 

Salt Solutions—As a means of determining whether or not the 
technique employed in our experiments was a valid one, a short 
series of determinations was carried out on salt solutions con- 
sisting of NaCl and NaHCO, (Table I). The ionic strength of 
these solutions was 0.16 m. The mean pK’; was found to be 
6.10, which corresponds to a value of 6.09 at 38°. This is not sig- 
nificantly different from the previously reported value of Hastings 
and Sendroy (7) at the same temperature and ionic strength. 

Red Blood Cells—The pK’, of oxygenated, hemolyzed red blood 
cells of the ox was determined in twelve experiments (Table II). 























In three of these experiments, the cells were diluted with a solu- 
tion of NaCl and NaHCO; whose ionic strength was 0.16. The 
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pK’, of Carbonic Acid in Salt Solutions of NaCl and NaHCO, 








experiment | T | “I 
a | “pause, | 200s | Total CO: | pH au 4H, 
2 °C. mm.  |mar por kg. H20) 
1 36.1 43.7 | 63.84 | 7.75 6.11 
2 36.4 49.3 | 41.13 7.49 6.10 
3 36.4 | 49.4 | 41.02 7.48 6.08 
4 36.0 | 44.8 | 25.99 | 7.32 6.09 
5 36.0 79.9 | 27.70 7.10 6.12 
6 %.3 | 79.3 | 27.69 | 7.08 6.10 
SRC ee 6.10 
Calculated for 38°. 6.09 
Tasie Il 
pK’, of Carbonic Acid in Hemolyzed, Orygenated Ox Red Blood Cells 
a i \ whe Se nae eo x. os 
Ber, | Tema | pronin | sco: | romtcor | om |>Kigt tore 
| °C. | gm. ~ am, mM F ar’ kg. 
1 | 36.7 | 0.325 | 51.6 | 30.99 | 7.253 | 6.06 
2 | 36.0 0.330 56.4 | 32.54 | 7.301 6.13 
3 | 36.0 0.352 52.2 33.84 | 7.313 6.09 
4 | 37.0 | 0.356 72.1 | 38.79 | 7.217 6.08 
5 | 36.0 | 0.393 60.4 | 29.17 | 7.199 6.12 
6 | 36.1 0.384 91.0 | 35.80 | 7.081 6.10 
7 36.1 | 0.35 | 47.8 | 24.21 | 7.197 | 6.09 
8 | 36.1 0.155 | 48.5 25.46 | 7.338 6.19 
9 | 361 | 0.35 | 38.9 | 21.42 | 7.242 | 6.10 
10 | «36.1 | 0.155 | 37.7 22.58 | 7.315 6.10 
i 36.3 0.356. | «58.0 | 25.34 | 7.141 6.06 
12 36.3 | (0.156 | 54.4 | 26.038 | 7.207 6.10 
Sn. hinds» 4 ads pace es +s sq a we hata ot este kiana 6.10 
EA peated oe Ba 6.09 
mean of these determinations was 6.10 at 36°. Assuming a 


temperature coefficient for pK’, of 0.005 per degree, this would 
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correspond to the value 6.09 at 38°. Dill, Daly, and Forbes 
(1) reported the mean value of 6.085 at 37° (or 6.08 at 38°) for 
similar material within the pH range covered by our experiments. 

(It may be recalled that the value of pK’, of human oxygenated 
red blood cells is approximately 0.04 lower than that of ox cells; 
and that of reduced red blood cells is approximately 0.06 lower 
than that of oxygenated cells (1). Therefore, the relatively high 
value of 6.09 found in our experiments should not be interpreted 


TaB_e III 
pK’, of Carbonic Acid in Egg White and Egg Albumin Solutions 

| Experi- | Temper- | proto; | Total , oe 
| sy | ature, ¢ | otein pCO. CO: | p ae 

| c. | mio} mm | Gh | 
Egg white 1 | 36.1 | 0.124 | 48.7 | 58.25 7.67 | 6.14 
2 36.1 | 0.062 | 50.0 | 30.80 | 7.37 | 6.18 
3 36.2 | 0.059 | 45.41 | 36.58 | 7.47 | 6.11 
4 36.2 | 0.121 | 45.24 | 58.00 | 7.72 | 6.16 
| 5 | 36.1 | 0.029 | 52.25 | 19.99 | 7.13 | 6.11 
6 | 35.8 | 0.062 | 80.90 | 41.95 | 7.29 | 6.14 
| 7 | 86.8 | 0.124 | 82.25 | 57.21 | 7.45 | 6.17 
| 8 | 36.8 | 0.033 | 75.14 | 22.88 | 7.04 | 6.12 
| 9 | 36.2 | 0.059 | 92.26 | 47.48 | 7.23 | 6.07 
Eggalbumin, 1 | 36.3 | 0.093 | 98.60 | 9.04 | 6.38 | 6.14 
2 | 36.3 | 0.086 | 88.04 | 11.93 | 6.59 | 6.11 
| 3 | 36.5 | 0.087 | 84.55 | 15.25 | 6.74 | 6.10 
4 | 36.0 | 0.087 | 80.40 | 20.09 | 6.90 | 6.10 
Mean .. ; i 6.12 


Calculated for 38° ; 6.11 


as conflicting with the previously reported data for the pK of 
reduced human cells or the deductions drawn therefrom.) 

In view of the essential agreement found with previously deter- 
mined pK’; values for salt solutions and oxygenated ox red blood 
cells, the technique employed in our experiments was believed 
to be satisfactory for the study of concentrated solutions of tissue 
proteins. 

Egg Albumin— Determinations of pK’; were made in nine solu- 
tions of egg white and four solutions of recrystallized egg albumin, 
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whose protein concentrations varied from 3 to 12 per cent, and 
whose pH varied from 6.38 to 7.72 (Table III). 
these determinations was pK 6.12 + 0.02 at the temperature of 


Tem- oi Total | at Tem- ’ 
pera- Protein) pCO: | Go, | pH tem- | pera- Protein | pCO: | 
ture, t | | pera- ture 

| | ture ¢ | | 

Petr mS | ge 
°C. \om-Hs ha lke. | 20) e. omHs0 mm. 0. HO) 
38.2 0.078, 33.42, 25.04/7.510 6.16) 36.1| 0.097) 56.00 
37.1 | 0.107, 37.48, 37.80'7.590, 6.12) 37.0, 0.083) 59.92 
37.1 | 0.110) 35.50) 38.70'7.640| 6.14) 37.0) 0.087 60.84 
37.0 | 0.105) 39.97, 39.5817.510| 6.06, 36.0] 0.083) 56.24 
37.2| 0.111) 38.22) 36.91/7.480, 6.03) 36.3) 0.114) 60.46 
36.0 | 0.111) 20.50, 34.33'7.726 6.05, 36.3, 0.119] 62.76 
87.0 | 0.108) 69.64, 44.72'7.310| 6.05) 36.3, 0.117, 39.10 
36.2 | 0.109 52. 60, 37. 71/7.408) 6.11) 36.3, 0.053) 42.33 
35.8 | 0.110 69.22 18.43 6.900, 6.07, 36.0, 0.044 59.62 
36.5 | 0.115| 60.58 16.6416.910| 6.06, 36.0 0.090, 60.80 
36.2 | 0.115) 42.61) 13.12/6.952| 6.05| 36.0 0.056) 58.86 
36.3 0.046, 41.02) 41. 317. 506| 6.04) 36.0) 0.050) 49.35 
35.5 | 0.046) 67.10, 42.507. 349) 6.10) 36.0, 0.105) 51.86 
36.3 | 0.104) 86. 80) 22.47/6. 928) 6.10, 36.0, 0.038, 56.54 
36.3 | 0.116 69.52) 31.797.217| 6.12) 36.0, 0.050) 31.39 
36.0 | 0.118) 66.35, 30.667.204) 6.11) 36.0, 0.100) 32.02 
37.2 0.105/109.0 | 40.70'7.089 6.08) 36.0) 0.054) 61.26 
37.0 | 0.114 154.2 | 45.39/7.017| 6.13, 36.0) 0.114) 61.95 
37.0 | 0.107 149.6 | 45. .71)7.010) 6.10, 36.1) 0.057) 90.60 
37.0) 0.114151. 445.797.0384 6.12 36. 0) 0. 116 74.42 
36.0 | 0.104 146.6 | 45.38/7.030 6.12 36.0 0.061) 76.55 
36.0) 0.1011129.9 | 45. 457. .089| 6.12) 36. 0) 0.053) 85.10 
36.0 | 0.104/120.4 | 45.53'7.130, 6.13, 36.0 0.116) 87.35 
87.0 | 0.098 143.4 | 39.786.962, 6.10, 36.0, 0.052 102.1 
36.0 | 0.1091133.5 | 40.64/7.021, 6.12) 36.2) 0.056)138.2 | 
36.3 | 0.079, 42.01) 29. 117.430, 6.14 
36.1 | 0.091) 45.62) 30. 527. 298] 6.13, 
36.1 | 0.090) 54.40) 30. 817. 279 6.09, Mean calculated for 38°. . 
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The mean of 





34.29 
35.1517. 


44.6777.346 
30.78/7.131 
31.09 7.084 
52.17/7.340 
33.06'7.041 
43.66 7.042 


6.12 
6.09 
6.14 
6.12 
6.10 
6.13 
6.11 
6.13 
6.09 
6.09 
6.12 
6.10 
6.12 





36.2, 0.110140.6 | 58.00 7.182 6.12 


| 6.10 





equilibration, which was approximately 36°. 


If the temperature 


coefficient of egg albumin solutions is similar to that of serum, the 
value of pK’, at 38° would be 6.11. 
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No marked effect of pH or protein concentration within the 
limits studied was apparent in our experiments. It should be 
pointed out, however, that our experiments were insufficient to 
demonstrate differences in pK’; amounting to less than 0.04. 

From these experiments, it may be concluded that the presence 
of egg albumin in concentrations up to 12 per cent does not mate- 
rially alter the value of pK’, from that found in salt solutions of 
the same ionic strength. 

Solutions of Muscle Protein—54 experiments on solutions of 
ground muscle were successfully carried out (Table IV). The 
pH of these solutions varied from 6.90 to 7.73 and the protein 
concentration varied from 38 to 119 gm. per kilo of water. No 
significant variation of pK’, either with pH or with concentration 
of muscle protein was observed within the limits of our experi- 
ments. In view of the number of the experiments performed, 
it is believed justifiable to assume that the presence of the muscle 
protein does not affect the value of pK’;. The mean value of 
pK’, found in our experiments, calculated for a temperature of 
38°, was 6.10 + 0.025. This agrees with the value found for 
a protein-free salt solution of the same ionic strength. In view 
of our failure to demonstrate an effect of muscle protein on pK’; 
up to 12 per cent protein, it may be assumed that the value of 
pK’, of carbonic acid in original muscle tissue is 6.10 at 38°. 


Comment 


The conclusion drawn from these experiments, namely that 
the presence of tissue protein does not influence the value of 
pK’, of carbonic acid, was not anticipated by the authors. How- 
ever, the fact that the value of pK’; is not greatly influenced by 
the presence of 30 per cent hemoglobin in red blood cells makes 
the present results not unreasonable. Whether or not one can 
apply the same value of pK’; to all tissues rests, of course, on 
further experiments. Until such data are available, however, it 
is believed not unreasonable to employ the value of 6.10 for pK’; 
at 38° to all tissues for which calculations are based on concentra- 
tions expressed in units of water. 


SUMMARY 


The value of pK’, of carbonic acid has been determined in 
solutions of red blood cells, egg albumin, and muscle protein. 
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When concentrations are calculated as moles per kilo of water, 
pK’, is found not to be significantly influenced by the presence 
of protein. At 38°, pK’; of tissues may be assumed to have the 
value 6.10. 
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ACTION OF KETENE ON GONADOTROPIC HORMONES* 


By CHOH HAO LI, MIRIAM E. SIMPSON, ann HERBERT M. EVANS 


(From the Institute of Experimental Biology, University of California, 
Berkeley) 


(Received for publication, August 25, 1939) 


Ketene has been found to be a highly specific acetylating agent 
for aqueous solution of proteins. It reacts only with amino, 
thiol, and phenolic hydroxy groups (1). Several investigators 
(2-4) have shown that the primary amino groups react most 
rapidly, while the hydroxy groups of tyrosine are acetylated at 
a much slower rate. The hydroxy groups in carbohydrate radicals 
of the protein molecule do not react, however, with ketene.' 
Ketene, therefore, should be particularly useful? in determining 
whether the amino groups or the phenolic hydroxyls are essential 
for the biological activity of the sugar-rich proteins. 

Gonadotropic hormones obtained from the pituitary and from 
pregnant mare serum and urine of pregnant women have been 
shown to be sugar-rich proteins (7). Since the carbohydrate 
groups do not react with ketene, and since thiol groups have not 
been found in these substances,* any change found in the physi- 
ological activity of gonadotropic hormones after treatment with 


* Aided by grants from the Research Board of the University of Cali- 
fornia, from the Rockefeller Foundation, and from Parke, Davis and Com- 
pany. Assistance was rendered by the Works Progress Administration, 
Project No. 10482-A5. 

' Bergmann and Stern (5) showed that only the amino group of glucos- 
amine reacts in aqueous solution with ketene, forming N-acetylglucos- 
amine. Neuberger (6) was unable to acetylate the hydroxy groups in 
carbohydrate resulting from hydrolysis of egg albumin (ketene in pH 6.0 
aqueous solution for 18 hours). It is probable, therefore, that the carbo- 
hydrate groups in protein molecules would not be affected by ketene 
treatment. 

*Other acetylating agents react readily with phenolic hydroxy and 
carbohydrate groups and would, therefore, be less specific for this purpose. 

* Unpublished results of Dr. H. Fraenkel-Conrat in this laboratory. 
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ketene must have been effected through modification of the pri- 
mary amino or phenolic hydroxy groups. 


EXPERIMENTAL 


Biological Standardization—The hypophysectomized female rats 
were rigidly standardized as regards age and postoperative period. 
The age at operation was 36 to 38 days and a 6 to 8 day post- 
operative interval was allowed to elapse before the onset of injec- 
tion. Injections were given daily for 3 days and autopsies were 
performed 72 hours after the onset of injection. Groups of three 
or more rats were used at each level injected. 

The minimal effective dose for pituitary interstitial cell-stimu- 
lating hormone is the smallest dose which will give histological 
evidence of repair of the interstitial tissue of the ovary. 

The minimal effective dose for pituitary follicle-stimulating 
hormone is the minimum dose which, given to normal immature 
female rats (injected daily for 3 days; autopsy performed 72 hours 
after the first injection), causes development of follicles and 
estrous uterus in at least two of three rats. The same unit is 
used for both pregnant mare serum and pregnancy urinary 
gonadotropin. 

Gonadotropic Preparations—Interstitial cell-stimulating hor- 
mone from the pituitary was prepared by a modification of the 
method recently published from this laboratory (8). The es- 
sential steps of the preparation, performed at 0-5°, are as follows: 
The 40 per cent alcohol powder prepared from acetone-dried sheep 
pituitaries was extracted with water and precipitated in acid- 
acetone solution (9). This precipitate was extracted with 1 per 
cent sodium chloride and mixed with an equal volume of saturated 
ammonium sulfate. The precipitate obtained was reprecipitated 
two more times under similar conditions, was then redissolved, 
and brought to 0.2 saturated ammonium sulfate; the supernatant 
was then precipitated at 0.37 saturation. This fraction, which 
precipitates between 0.2 and 0.37 saturation, was reprecipitated 
two times and washed twice with 0.37 saturated ammonium 
sulfate and dialyzed. By this procedure, a preparation was 
secured capable of repairing the interstitial tissue of the hypo- 
physectomized rat on intraperitoneal injection at a dose of 0.01 
mg. No contamination with follicle-stimulating hormone was 
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found when 200 times this dose were injected subcutaneously 
into hypophysectomized rats. 

Follicle-stimulating hormones from the pituitary were kindly 
supplied by Dr. H. Fraenkel-Conrat of this laboratory. The 
preparations used in this investigation were not the most potent 
follicle-stimulating preparations. The minimal effective dose at 
which the preparations cause resumption of follicle growth in 
hypophysectomized rats was 0.025 to 0.035 mg. (0.05 to 0.075 mg. 
in normal immature rats). 

The pregnant mare serum preparation used was gonadin which 
was obtained through the courtesy of the Cutter Laboratories. 
Two gonadotropins from the urine of pregnant women were used, 
antuitrin-S from Parke, Davis and Company, and follutein from 
E. R. Squibb and Sons, to both of whom we wish to express our 
thanks. 

Acetylation Procedure—The ketene was generated by an ap- 
paratus designed by one of us (10). Acetone was subjected to 
thermal decomposition by vaporizing acetone in the presence 
of tungsten filaments heated to bright red. The gas mixture 
formed was passed through a water condenser and a cooling trap. 
The ketene, which had thus been freed from unchanged acetone 
vapor and the ketene polymers, passed into the solution through 
a sintered glass filter. 

The protein to be acetylated was dissolved in pH 5.7 m acetate 
buffer. The solution contained 2 mg. of protein per cc. except 
in experiments with human chorionic gonadotropin, in which 
the concentration was 10 mg. per cc. Judged by the disappear- 
ance of amino nitrogen, the rate of acetylation did not appear 
to be different in these two concentrations. Owing to the slow 
reaction (11) between ketene and water to form acetic acid, the 
acidity of the final solution after 2 hours ketene treatment reached 
pH 4.7 (glass electrode). The experiments were carried out at 
room temperature. 

Analytical Methods—The amino nitrogen was determined with 
the Van Slyke gasometric apparatus. The fraction of the prolan- 
tyrosine which was not acetylated was determined by the com- 
parisons of so called pH 8 and pH 11 methods of Herriott (12). 
These methods are based on the fact that oxygen-acetyl combina- 
tion in the tyrosine is easily hydrolyzed at pH 11. The ratio of 
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the value obtained by the pH 8 method to that by the pH 11 
method indicates the extent of acetylation of phenolic hydroxyls 
in the preparations. 


DISCUSSION 


Pituitary Gonadotropic Hormones—Two pituitary gonadotropic 
hormones, follicle- and interstitial cell-stimulating, were subjected 
to ketene treatment. The potency of each fraction was decreased 
markedly after 30 minutes (see Table I). Since Stern and White 
(3) have shown that at least 45 minutes are necessary to cause 
appreciable acetylation of the phenolic hydroxy groups, this 
marked reduction in the biological action of follicle- and interstitial 


TABLE | 
Effect of Ketene on Potency of Pituitary Hormones 














® . , Ti f Minima! | Interstitial cell-stimu- Ti f Minimal 
Folictestimulatin | cryin effective : Tating hormone, wcetylation effective 
eae ee Ot eee ae ‘ aie” | es 
I1-F37D | 0 0.075 L79C o | 0.01 
5 0.075 5 | 0.05 
5 0.075 5 >0.05 
| 30 1.0 | 5 0.05 
1-F43D 0 0.05 | | 30 | >0.2 
| 5 | 0.05 | 30 | >0.5 
| 3 | >05 | | | 





cell-stimulating hormones after 30 minutes is probably due to 
the blocking of the amino groups of the protein molecules. 
Ketene treatment of these active proteins for 5 minutes caused 
about 30 per cent acetylation of the amino groups (Van Slyke). 
A significant decrease in potency of interstitial cell-stimulating 
preparations occurred within this period and the decrease in 
potency proceeded steadily to complete destruction within 30 
minutes. In contrast with this, reduction in the activity of 
follicle-stimulating hormone did not occur within 5 minutes, 
This indicates clearly that the most easily acetylated amino groups 
are not essential for the follicle-stimulating action. On the other 
hand, all the free amino groups appear to be important for the 
biological activity of interstitial cell-stimulating hormone. 
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Pregnant Mare Serum, Equine Serum Gonadotropin—The effect 
of ketene on the physiological activity of equine serum gonadotropin 
is similar to its effect on pituitary interstitial cell-stimulating 
hormone. Table II shows that a marked loss of physiological 
activity occurred within 30 minutes. 


Tasie II 
Effect of Ketene on Potency of Pregnant Mare Serum 






































peinestinidi Time of acetylation | Minimal effective 
min, mg. 
S60 wiktes vsep oa vibe wel 0 0.03 
SS er epee oe 5 >0.05 
ET oo was eno 0c0nGteedaenke 5 0.05 
RG iiss sc chsvenas deinen ae eee 5 0.1 
SEE o's 0 0 who fe nua pee ebe Cael 30 >1.0 
Ds GiWus dans Vasekeeeuin baal 30 >0.5 
IE, os <1 Pence aes anced Aeaale 30 >1.5 
Tasie III 
Effect of Ketene on Potency of Principle from Urine of Pregnant Women 
Preparation | Time of scetylation | Minimal effective | Estimated units 
é min, mg. 
JP* 0 0.025 40 
5 0.025 40 
15 0.025 40 
30 | <0.05 (>0.025) | 20 
45 | <0.25 (>0.10) | 7 
60 <0.25 (>0.10) | 4 
90 <0.50 (>0.25) 3 
120 | 0.50 2 
Antuitrin-S 0 0.01 100 
5 0.01 | 100 
15 0.01 100 
30 0.025 40 


| | 





* Prepared in this laboratory from Squibb’s preparation. 


The present study indicates that the free amino groups of 
these gonadotropically active proteins play a significant réle in 
their biological action. These findings are, therefore, in agree- 
ment with previous studies on the lactogenic hormone (13) in 
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which the same tool showed the importance of the primary amino 
groups in the physiological activity of this protein. 





T 7 T T T T T 


per mq 
f Acetylated Tyresine 
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Time in minutes 
Fic. 1 
TaBLe IV 
Typical Data for Acetylated Human Chorionic Gonadotropin 
Time of acetylation Amino N Tyrosine ratio, ng 8 to pH 11 
min. per cent P 
0 0.65 1.0 
15 0.17 0.9 
30 0.05 0.85 
60 0.00 0.75 
90 0.00 
120 0.00 0.70 











Human Chorionic Gonadotropin—In contrast with other gonado- 
tropic hormones, this preparation was not rapidly decreased in 
potency by acetylation. As can be seen in Table III, potency 
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was only halved within 30 minutes. By 2 hours, however, de- 
struction was practically complete. Blockage of amino groups 
cannot, therefore, be significant in the physiological activity of 
human chorionic gonadotropin. It is probable that the more 
slowly acetylated phenolic hydroxy groups of tyrosine are here 
involved. The course of acetylation is shown in Table IV. The 
figures in the third column represent the fraction of the tyrosine 
which has not been acetylated. Curve A of Fig. 1 shows the 
reduction in potency during the acetylation. It will be noted 
that Curve B, which represents the increasing amounts of acet- 
ylated tyrosine, has the negative slope of Curve A. 

The decreased potency of human chorionic gonadotropin during 
the acetylation is, therefore, adequately explained on the basis 
of the acetylation of phenolic hydroxyls of tyrosine in the protein 
molecule: the experiments furnish no evidence for physiological 
significance of free amino groups in human chorionic gonadotropin. 


SUMMARY 


Sugar-rich gonadotropically active proteins have been sub- 
jected to acetylation by ketene in aqueous solution at room tem- 
perature. 

As in previous studies on the lactogenic hormone, it was con- 
cluded that the physiological activity of the pituitary follicle- 
stimulating and interstitial cell-stimulating hormones and of the 
gonadotropic hormone in pregnant mare serum is in each case 
dependent on the free amino groups. On the other hand, the 
gonadotropic principle found in the urine of pregnant women 
(human chorionic gonadotropin) resembles insulin and pepsin 
in that the phenolic hydroxyls rather than the free amino groups 
are essential for the biological activity. 
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The lack of synthetic methods for the preparation of cystine 
has become more acute through the need of cystine containing 
isotopes for various metabolic investigations. In previous syn- 
theses of cystine reported by Erlenmeyer (1) and by Fischer and 
Raske (2) serine was used as the starting material. We have 
therefore felt it would be of value to attempt to work out a syn- 
thesis of this compound from simple starting materials which 
would be suitable for the introduction into the molecule of iso- 
topic atoms. 

The success which attended the use of benzyl mercaptan as a 
means of introducing sulfur into the molecule in the synthesis 
of homocystine encouraged us to explore the possibilities of this 
method for the preparation of cystine. The benzyl derivative as 
an intermediate in such syntheses has the advantage of affording 
protection of the sulfur during the various intermediate reactions 
and the benzyl group can be readily removed at the end of the 
series of reactions by reduction. 

The desired halide containing the benzylthiol radical for this 
method of approach was obtained by condensing benzyl mercap- 
tan, polyoxymethylene, and HCl by the process used by Béhme 
(3) in the synthesis of the ethyl analogue. An excellent yield of 
the benzylthiolmethyl chloride was obtained. Attempted con- 
densation of this chloride with sodium ethyl malonate failed, but 
condensation with sodium phthalimidomalonic ester was found to 
proceed smoothly. Upon hydrolysis of the condensation product, 
dl-benzylcysteine was obtained. The benzyl group was cleaved 
by sodium in liquid ammonia. Subsequent oxidation of the dl- 
cysteine yielded a mixture of meso- and dl-cystine, which may be 

267 











268 Synthesis of Cystine 


separated by procedures already presented (4). The racemic cys- 
tine may then be resolved to give the d and / isomers (5). On 
the other hand, the latter may be prepared from the optically 
active benzyleysteines readily obtainable through the resolution 
of dl-benzylcysteine recently reported (6). 

An attractive feature of the synthesis presented is its versatility 
for the introduction of isotopic atoms, depending on the particular 
isotopic cystine desired. It is obvious that deuterium or isotopic 
carbon can be introduced into the molecule if formaldehyde con- 
taining the appropriate isotope is used for the preparation of the 
benzylthiolmethy! chloride which is the starting point of the pres- 
ent synthesis. The preparation of benzyl mercaptan can be ac- 
complished by means of the reaction of benzyl magnesium chloride 
with elementary sulfur (7) and can thus serve as the starting point 
for the introduction of the sulfur isotopes, either stable or radio- 
active. The poor yield of 10 to 15 per cent reported in the prep- 
aration of cystine from serine makes the method suggested appear 
preferable. The preparation of potassium phthalimide as de- 
scribed by Schoenheimer and Ratner (8) is very economical from 
the standpoint of nitrogen, and thus the phthalimidomalonic ester 
benzylthiolmethy! chloride condensation in the present paper 
affords a practical approach for the preparation of cystine con- 
taining the N" isotope. 


Synthesis of Cystine 

Benzylthiolmethyl Chloride—73 gm. of benzyl mercaptan were 
placed in a flask with 25 gm. of polyoxymethylene. The mixture 
was cooled in an ice bath and was saturated with dry HCl. 30 
gm. of CaCl, were then added and the mixture was allowed to 
stand at room temperature for 24 hours. The solid material was 
removed by filtration and was washed with dry ether. The solu- 
tion and washings were then distilled at reduced pressure and the 
fraction boiling at 102° at 2 mm. pressure was collected. The 
yield was 69.7 gm. This product was redistilled and 64.5 gm. of 
benzylthiolmethy! chloride (b.p. 102° at 2 mm. pressure) were 
obtained. This represented 64 per cent of the theoretical amount. 


C;H,CIS8. Calculated, 8S 18.58; found, 8S 18.9 


S-Benzylthiolmethylphthalimidomalonic Ester—92.4 gm. of so- 
dium phthalimidomalonic ester, 50.4 gm. of benzylthiolmethy! 
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chloride, and 200 cc. of dry toluene were heated together under a 
reflux for 2} hours. The precipitated sodium chloride was 
filtered from the solution and was washed with toluene. After the 
toluene had been distilled at reduced pressure, the residue was 
dissolved in hot absolute ethanol. 81.5 gm. of crystalline material 
separated when the solution cooled. The product after recrystal- 
lization from absolute ethanol melted at 81-82°.1 The amount 
obtained represented a yield of 70 per cent of the theoretical 
amount. 


CuHyzO.NS. Calculated, 8 7.48; found, 8 7.6, 7.4 


S-Benzyl-dl-Cysteine—81.5 gm. of benzylthiolmethylphthali- 
midomalonic ester were suspended in 640 ce. of a 1:1 mixture of 
95 per cent ethanol and water, and 50 cc. of dioxane were added. 
2 drops of phenolphthalein were added and the mixture was heated 
to 50°. 73 cc. of 5 Nn NaOH were added dropwise with stirring 
at a rate to maintain the temperature at 55-60°. When all of the 
alkali had been added, the temperature of the solution was brought 
to 70°. The solution was then stirred for 15 minutes, while the 
temperature was allowed to fall spontaneously. Enough HCl was 
added to make the mixture acid to phenolphthalein. The solu- 
tion was then distilled to 0.5 volume in vacuo. Water was added 
to make the volume | liter, and 120 cc. of concentrated HCl were 
added. Upon acidification, an evolution of carbon dioxide took 
place. The solution was heated for 14 hours and then 600 cc. of 
HCl were added and heating was continued for 2 hours. The 
solution was distilled to dryness, the residue was taken up with 
water, and the solution was distilled again. It was then taken 
up in 400 cc. of water and ammonium hydroxide was added until 
the solution gave a reaction neutral to Congo red. After the 
precipitate had been filtered and washed with water, it was sus- 
pended in boiling 95 per cent ethanol, heated for a moment, and 
was filtered while hot. The extraction was repeated several times 
until the phthalic acid was washed out, leaving benzylcysteine 
as a crystalline residue. The total weight of the combined frac- 
tions was 24.7 gm. of benzyl-di-cysteine. This represented a yield 
of 64 per cent of the theoretical amount. 21.4 gm. of the material 
were recrystallized from warm HC! solution by the addition of 


' The melting points are corrected. 
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NH,OH. 20 gm. of halogen-free benzyl-di-cysteine were re- 
covered. The melting point was 215-216°. 


CicH1:0.NS. Calculated, N 6.63; found, N 6.6 


N-Acetyl-S-Benzyl-dl-Cysteine—0.5 gm. of benzyl-di-cysteine 
was dissolved in 4 cc. of N NaOH and the solution was cooled in an 
ice bath. 1 ce. of acetic anhydride was added dropwise with 
shaking. After the solution had been allowed to stand at room 
temperature for 2 hours, 0.5 cc. of concentrated HCl was added 
and the solution was cooled. The precipitated acetyl derivative 
was removed by filtration, washed with water, and crystallized 
from dilute ethanol. The compound melted at 158°. The melt- 
ing point of N-acetyl-S-benzyl-dl-cysteine prepared from naturally 
occurring /-cystine by reduction, benzylation, acetylation, and 
racemization was likewise 158°, A mixture of the two samples 
possessed the same melting point. 


CywHyO;NS. Calculated, N 5.46; found, N 5.4 


Optically Inactive Cystine—15 gm. of synthetic benzyl-dl- 
cysteine were added portionwise to 250 cc. of liquid ammonia. 
Strips of sodium were added as fast as the metal reacted. When 
all of the compound had been added and a permanent blue color 
of sodium had remained for 15 minutes, ammonium chloride was 
added until the excess sodium was destroyed. The ammonia 
was allowed to evaporate spontaneously and the residue was taken 
up in 100 cc. of ice and water. The solution was extracted with 
ether and then concentrated HCl was added to the highly alkaline 
solution until it was just alkaline to phenolphthalein. 2 drops of 
ferric chloride solution were added and air was bubbled through 
the solution until the nitroprusside test for the sulfhydryl group 
was negative. The solution was neutralized to litmus with HCl 
and allowed to stand overnight. The precipitate was filtered, 
washed with water, and then dissolved in hot 1 N HCl. The solu- 
tion was boiled for a few minutes with a small quantity of norit. 
The cystine was precipitated from the clear solution with NH,OH. 
It was filtered and was washed with water, alcohol, and ether. 
The weight of the cystine was 7.0 gm., which represented 80 per 
cent of the theoretical amount. The synthetic cystine was com- 
pared with an analytically pure sample of naturally occurring 
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l-cystine by the Sullivan reaction. They agreed quantitatively 
in color response. 


CsH:,0,N.8:. Calculated, N 11.66; found, N 11.5 


The authors wish to thank Dr. J. Rachele of this laboratory 
for carrying out the microanalyses. 


SUMMARY 


A new synthesis of cystine from simple starting materials has 
been presented. Benzyl mercaptan was condensed with formalde- 
hyde in the presence of hydrogen chloride. The benzylthiol- 
methyl chloride was then condensed with phthalimidomalonic 
ester and the condensation product was hydrolyzed to produce 
benzyl-dl-cysteine. The benzyl group was removed by sodium 
in liquid ammonia and optically inactive cystine was formed from 
the dl-cysteine by oxidation. 

The adaptability of the synthesis for the introduction of isotopes 
into the cystine molecule has been discussed. 


Addendum— After the completion of our synthesis of cystine we learned 
through a private communication from Dr. Tarver that he had likewise 
accomplished a synthesis of cystine from trioxymethylene. Dr. C. L. A. 
Schmidt with whom this work of Dr. Tarver’s was carried out has just 
informed us that Dr. Tarver had utilized Béhme’s reaction but that 
methyl! mercaptan was used, giving S-methylcysteine as the intermediate. 
We would like to call attention to the fact that this synthesis of Tarver’s 
has been presented in a thesis and has been deposited in the library of 
the University of California. 


BIBLIOGRAPHY 


1. Erlenmeyer, E., Ber. chem. Ges., 36, 2720 (1903); Ann. Chem., 387, 241 
(1904). 

. Fischer, E., and Raske, K., Ber. chem. Ges., 41, 893 (1908). 

. Béhme, H., Ber. chem. Ges., 69, 1610 (1936). 

4. Loring, H. 8., and du Vigneaud, V., Proc. Soc. Exp. Biol. and Med., 29, 
41 (1931); J. Biol. Chem., 102, 287 (1933). 

5. Loring, H. S., and du Vigneaud, V., Proc. Am. Soc. Biol. Chem., J. Biol. 
Chem., 97, p. xxiv (1932). du Vigneaud, V., Dorfman, R., and Loring, 
H.S8., J. Biol. Chem., 98, 577 (1932). 

6. Wood, J. L., and du Vigneaud, V., J. Biol. Chem., 130, 109 (1939). 

. Taboury, M., Bull. Soc. chim., 29, 761 (1903). 

8. Schoenheimer, R., and Ratner, 8., J. Biol. Chem., 127, 301 (1939). 


w rw 


~I 





- —_~ — 














- 








A STUDY OF THE INVERSION OF d-PHENYLAMINOBU- 
TYRIC ACID AND THE ACETYLATION OF /-PHENYL- 
AMINOBUTYRIC ACID BY MEANS OF THE ISOTOPES 

OF NITROGEN AND HYDROGEN 


By VINCENT pu VIGNEAUD, MILDRED COHN, GEORGE 
BOSWORTH BROWN, anv OLIVER J. IRISH 


(From the Departments of Biochemistry, Cornell University Medical 


College, New York City, and School of Medicine, George 
Washington University, Washington) 


AND RUDOLF SCHOENHEIMER anp D. RITTENBERG 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, September 7, 1939) 


The ability of the animal organism to invert amino acids of un- 
natural configuration is well established. In most instances the 
evidence for inversion has been circumstantial, such as the re- 
placement of indispensable amino acids in the diet by their optical 
antipodes (1-5). However, du Vigneaud and Irish (6) working 
with the next higher homologue of phenylalanine were able to 
demonstrate by direct proof an inversion in vivo. After adminis- 
tration of d(—)-phenylaminobutyric acid,' the acetyl derivative of 
the (+) isomer was isolated from the urine. Administration of 
l(+)-phenylaminobutyric acid was also found to result in the ex- 
cretion of the acetyl-l(+)-phenylaminobutyric acid. It was sug- 
gested that both the d- and the /-amino acids were oxidatively 
deaminized to the keto acid, and that the keto acid was then con- 
verted asymmetrically to the acetyl derivative of the l-amino acid 
by means of condensation of the keto acid with pyruvic acid and 
ammonia according to the Knoop acetylation mechanism of amino 

‘It has been shown that the dextrorotatory phenylaminobutyric acid 
possesses the configuration of the naturally occurring amino acids and it is 
therefore designated in the present paper as /(+). 
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acid synthesis (7). Further direct proof of the ability of the 
organism to invert the unnatural isomer has been brought forth 
by Conrad and Berg (8). They have shown that only /-histidine 
could be isolated from the proteins of growing animals that had 
received only histidine of unnatural configuration, and that, 
furthermore, the amount of J-histidine isolated was greater than 
the amount that could have been present originally in the animal 
at the start of the experiment. 

As the reaction of inversion involves the a-carbon atom to which 
1 stably bound hydrogen atom as well as the amino group is at- 
tached, it was expected that the application of the two isotopes, 
N® and deuterium, might be helpful in the investigation of the 
inversion process. Phenylaminobutyric acid is particularly suited 
for such a study. The substance is an amino acid foreign to the 
body, i.e. the animal does not synthesize the carbon skeleton; 
all material excreted in the urine must have been derived from the 
diet. As Knoop (7) originally pointed out, there was reason to 
hope that even though this homologue of phenylalanine is foreign 
to the body, it would go through catabolic steps similar to those of 
the normal amino acids; but since this homologue might be handled 
less readily, excretion of characteristic intermediates might be 
more likely. The work to date with phenylaminobutyric acid has 
in fact led to the postulation of the acetyl derivative as a possible 
intermediate in amino acid synthesis. The study of the fate of 
phenylaminobutyric acid by means of isotopes therefore offers the 
possibility of examining simultaneously, not only inversion but 
also acetylation in relation to amino acid synthesis. 

The first experiments were concerned only with the fate of the 
amino nitrogen; 7.e., with the question as to whether the original 
nitrogen during inversion remains attached to the carbon chain or 
is replaced by normal nitrogen from other sources. Such a re- 
placement of nitrogen was not improbable, since the keto acid, 
a-keto-y-phenylbutyric acid, which is converted into acetyl-l(+)- 
phenylaminobutyric acid by the animal (7), has been postulated 
as an intermediate in the inversion. 

Most of the experiments were carried out with preparations of 
phenylaminobutyric acid, the nitrogen of which contained about 
2 atom per cent of N“ excess. To avoid loss of isotopic nitrogen, 
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the material was prepared by catalytic reduction of cinnamoyl- 
formic acid with isotopic ammonia. 


<S my) (N NH, 


\) I 
\ y, —<=CHCCOOH + NH; + 2H, — | HCH,CHCOOH 


The yield of the amino acid was good and the recovery of the 
nitrogen was quantitative. 

In the present study the experiments were carried out with rats 
instead of dogs in order to conserve the valuable amino acid con- 
cerned. In four experiments the racemic mixture was admin- 
istered, and pure acetyl-l-phenylaminobutyric acid was isolated 
from the urine. The nitrogen of the latter material had a con- 
centration of N“ which was slightly more than half of that in the 
administered amino acid. One might have concluded from these 
results that one-half of this acetyl derivative had come from the 
“natural”? component of the dietary material by direct acetylation 
without any replacement of its original nitrogen, and that the 
other half had originated from the “unnatural” component which 
had lost its original nitrogen completely during some stage of the 
inversion. This explanation, however, was scarcely in agreement 
with earlier experience involving rats. In these experiments the 
yield of the excreted acetyl-l-phenylaminobutyric acid was about 
twice as great after the feeding of the / acid as after the feeding of 
the d acid (9). It was therefore clear that the fate of the pure 
optical isomerides had to be investigated separately. 

The resolution of the racemic formyl! derivative with brucine 
(6) was attempted with the small amount of the di-N™-phenyl- 
aminobutyric acid available, but yielded only imperfect results. 
The d(—)-phenylaminobutyric acid which was obtained possessed 
a specific rotation of —44.2° instead of —48°. The enantiomor- 
phic form, which is far more difficult to obtain optically pure by 
this method of resolution, possessed a rotation of +35.5°. Never- 
theless, it was felt that it would be worth while to feed these 
preparations. The d(—) isomer led to the excretion of an acetyl- 
l(+)-phenylaminobutyric acid whose N™ content indicated that 
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only a small percentage of the original nitrogen was present. On 
the other hand the feeding of the /(+) modification was followed 
by the excretion of an acetyl-l possessing an excess of N™, which 
indicated that a major portion of the original nitrogen was still 
attached to the molecule. 

It may be recalled that du Vigneaud and Irish (6) had postulated 
that the imino acid was an intermediate in the breakdown of amino 
acid to keto acid, which was in keeping with the generally ac- 
cepted theories for deamination (7, 10, 11). Since imino acid 
must be considered an intermediate in the reaction of keto acid 
with ammonia and pyruvic acid in the Knoop acetylation mech- 
anism for the synthesis of amino acids, there would be reason to 
expect that some of the imino acid as it is formed from the amino 
acid would, under suitable conditions, react directly with pyruvic 
acid before it is hydrolyzed to the keto acid. On this basis, forma- 
tion of an acetyl derivative from the amino acid without loss of 
nitrogen would be understandable. The difference between the 
behavior of the d and / acid would then rest on a quantitative 
rather than qualitative difference, depending on rates of conversion 
of the isomeric amino acids to their common imino acid, analogous 
to the established fact that the over-all rate of deamination by 
tissues of d-amino acids is greater than that of l-amino acids 
(10, 12). The effect of the difference in rates of formation of 
imino acid on the subsequent reactions involving this intermediate 
will be discussed later. 

The employment of deuterium seemed to offer a possibility of 
putting this conception to experimental test. It will be noticed 
that no matter whether the acetylation reaction goes directly 
through the imino stage or beyond to the keto stage and back to 
imino, an oxidation and a subsequent reduction must have taken 
place at the a-carbon atom. It is apparent that if the reaction be 
carried out in a medium containing some heavy water, the uptake 
of stable deuterium in the @ position must take place as shown by 
the following equation 


H* H* H* H 
mn bee 
R—C=0 — R-—-C=NH* — R—C—N —————— R—C—N 
| 4 hydrolysis | a 
COOH* COOH* | Ac H 


| 
COOH* COOH 
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where H* represents a mixture of hydrogen and deuterium, the 
relative amounts of which would depend on the concentration of 
D,O present in the body fluids. The deuterium in labile positions 
would be lost in the process of isolation, as indicated in the equa- 
tion. 

If no deuterium were taken up in the a position, it is clear that 
the imino acid would be ruled out as the intermediate in the forma- 
tion of the acetyl derivative of the amino acid still retaining the 
original nitrogen. If deuterium were taken up, the hypothesis 
suggested would be consistent with the experimental facts, but 
would not necessarily be unique in explaining them. 

A preliminary experiment with ordinary /-phenylaminobutyric 
acid revealed that deuterium was present in the excreted acetyl- 
l-phenylaminobutyrie acid. Later work disclosed that the deu- 
terium present in the / acid obtained by hydrolysis of the urinary 
acetyl-l was equivalent to the uptake of 1 atom and that this 
deuterium was attached to the a-carbon. 

The results obtained seemed of sufficient importance to warrant 
the feeding of the isomers of N“-phenylaminobutyric acid to 
animals whose body fluids contained D,O. In order to derive the 
maximum significance from these experiments, it was necessary to 
have isomers of the highest degree of optical purity. A new 
method of resolving the amino acid was therefore sought which 
would be more applicable to small scale work and in which the 
derivative of each isomer could be obtained in crystalline form. 
In the previous method of resolving the formyl derivative with 
brucine, only the brucine salt of the formyl-d(— )-phenylamino- 
butyric acid was obtainable in crystalline form. The purity of 
the | form depended on crystallizing out all of the brucine salt of 
the disomer. In addition to these considerations, it was desirable 
to avoid any possibility whatsoever of racemization in obtaining 
the free acid after the resolution of the acyl derivative. In the 
previous method hydrolysis of the formyl derivative was involved. 
Employment of the carbobenzoxy derivative held forth an ad- 
vantage, since removal of the acyl grouping could be accomplished 
by reduction. Resolution of this derivative through the d- and 
l-a-phenylethylamines accomplished the desired result. Both 
isomers were obtained with maximum rotation in excellent yield. 
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Since it was necessary to be as sure as possible that there was 
no enantiomorph present containing the excess N" in the isomer 
to be fed, a further precaution was taken. The two isomeric 
carbobenzoxyamino acids were freed of small amounts of the con- 
taminating isotopic isomerides by employing the principle of the 
“washing out process’’ described recently in detail in the resolu- 
tion of leucine N® (13). 


EXPERIMENTAL 


Preparation of dl-N®-Phenylaminobutyric Acid—15 gm. of 
cinnamoylformic acid, prepared according to Friedmann (14), 
in 200 ec. of 50 per cent alcohol were hydrogenated in the presence 
of 2.42 gm. of isotopic ammonia (1.98 atom per cent N™ excess) 
and 5 gm. of active palladium. The details of the procedure have 
been described before by Schoenheimer and Ratner (15). During 
hydrogenation phenylaminobutyric acid crystallized. The re- 
action stopped when 1.8 moles of hydrogen were absorbed. Ex- 
cess isotopic ammonia was recovered by distilling most of the 
solvent with a stream of nitrogen into dilute sulfuric acid. The 
organic material was removed from the catalyst by extraction 
with a solution of weak sodium hydroxide and precipitated by 
acidification with acetic acid. The material was washed thor- 
oughly with cold water and alcohol. The latter removed a small 
amount of unchanged cinnamoylformic acid. The amino acid 
was recrystallized by extraction with hot water from a thimble. 
The yield was 10.5 gm. or 70 per cent of theoretical. The N found 
was 7.78 per cent, which agreed with the calculated value of 7.82 
per cent. It contained 1.97 atom per cent N® excess. The re- 
covery of isotopic nitrogen (amino acid + ammonia) was 98.8 
per cent. A second preparation was made with a different sam- 
ple of isotopic ammonia and the product contained 1.80 atom per 
cent N"™ excess. 

Preparation of N*-Carbobenzoryphenylaminobutyric Acid—A 
solution of 3.7 gm. of N“-phenylaminobutyric acid in 10.3 cc. of 
2N NaOH was cooled in an ice bath and 20 cc. of ether were added 
to the solution. The mixture was stirred and 4.0 gm. of carbo- 
benzoxy chloride were added in four portions at 10 minute inter- 
vals. By the addition of 4 nN NaOH, the solution was kept 
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alkaline. After 1 hour of continuous stirring, the major portion of 
the sodium salt of the carbobenzoxyamino acid separated as a 
third layer. This layer was separated and was dissolved in 400 ec. 
of water. The resulting solution was acidified with HCl and the 
carbobenzoxy derivative crystallized as the solution cooled. A 
further quantity was obtained by dilution and acidification of the 
original sodium hydroxide layer. The combined crops were 
recrystallized by solution in ammonium hydroxide and reprecipi- 
tation by HCl. 6.4 gm. or 98 per cent of the theoretical yield 
was obtained. 

The compound melted at 112° and the nitrogen analysis of 4.52 
per cent agreed with the theoretical value of 4.57 per cent. 

Resolution of N*-Phenylaminobutyric Acid by Use of d- and 
l-Phenylethylamine—6.4 gm. of carbobenzoxy-dl-phenylamino- 
butyric acid were dissolved in 25 cc. of ethyl acetate and 2.66 cc. 
of d-phenylethylamine were added. The solution was cooled 
overnight and 2.14 gm. of crude d-phenylethylamine salt of carbo- 
benzoxy-l-phenylaminobutyric acid were obtained. After the 
addition of 200 ce. of water to the filtrate, the solution was made 
alkaline to phenolphthalein with ammonium hydroxide. The 
ethyl acetate layer, containing the d-phenylethylaminé, was 
separated and the aqueous solution was reextracted with a 10 cc. 
portion of ethyl acetate. The aqueous solution was then slowly 
acidified and the carbobenzoxyphenylaminobutyric acid crystal- 
lized when the solution was cooled overnight. 

Without further recrystallization, the mixture of carbobenzoxy- 
d- and carbobenzoxy-l-phenylaminobutyric acids containing an 
excess of the d isomer was dissolved in 20 cc. of ethyl acetate and 
2.0 ec. of l-phenylethylamine were added. The solution was 
cooled overnight and 2.4 gm. of crude /-phenylethylamine salt of 
carbobenzoxy-d-phenylaminobutyric acid were obtained. 

The mother liquor of this fraction was then extracted with dilute 
NH,OH and the mixture of carbobenzoxy-d- and carbobenzoxy-l- 
phenylaminobutyric acids was put through successive treatments 
with d- and /-phenylethylamine respectively. This whole process 
was carried through in all four times and in this way a fairly com- 
plete separation of the isomers was effected. A final yield of 3.3 
gm. of the d-phenylethylamine salt of carbobenzoxy-l-phenyl- 
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aminobutyric acid and 3.0 gm. of the /-phenylethylamine salt 
of carbobenzoxy-d-phenylaminobutyric acid was obtained. 

After four recrystallizations of the d-phenylethylamine salt of 
the carbobenzoxy-l-phenylaminobutyric acid from minimum 
volumes of hot ethyl acetate, 2.3 gm. were obtained. The rota- 
tion, [a] = +19.2° for a 3 per cent solution in ethyl alcohol, 
remained constant after the second recrystallization. Repeated 
fractionation of the mother liquors yielded an additional 0.35 gm. 
of equal purity. 

To remove traces of the N“ d component which may have con- 
taminated this salt of the / isomer, it was “‘washed out’’ with some 
d-N"™, since the chief concern was the optical purity of the N™ 
compound. 2.65 gm. of the d-phenylethylamine salt of carbo- 
benzoxy-l-phenylaminobutyric acid and 0.10 gm. of N**-carbo- 
benzoxy-d-phenylaminobutyric acid were dissolved in 25 cc. of 
ethyl acetate and 0.04 cc. of d-phenylethylamine was added. The 
salt which was obtained was recrystallized three times to 2.33 gm. 
of final product with a rotation of [a]® = +19.4°. 

The 2.33 gm. of the d-phenylethylamine salt of carbobenzoxy- 
l-phenylaminobutyric acid were dissolved in 100 cc. of dilute am- 
monium hydroxide. The solution was extracted with two por- 
tions of ethyl acetate and the extract was acidified to recover the 
carbobenzoxy-l-phenylaminobutyric acid. This was dissolved in 
30 ec. of 70 per cent ethyl alcohol and 5.4 cc. of 2 N H,SO, were 
added. Reduction was accomplished by means of palladium black 
and hydrogen. After reduction, the solution was neutralized with 
dilute NaOH and the /-phenylaminobutyric acid which was ob- 
tained was recrystallized once from a minimum volume of hot 
water containing a trace of HCl. The nitrogen analysis was 
7.6 per cent; the theoretical value was 7.8 per cent. The rotation 
was [a]? = +48.4° for a 1 per cent solution in 1 N HCl. 835 mg. 
were obtained, representing 45.5 per cent of the theoretical yield 
based on the initial sample of the amino acid. The compound 
contained 1.79 atom per cent N™ excess. 

The 3.0 gm. of the l-phenylethylamine salt of carbobenzoxy- 
d-phenylaminobutyric acid were combined with 3.15 gm. obtained 
from a duplicate of the above resolution and recrystallized to a 
constant rotation of [a] = —19.1°. The 5.6 gm. thus obtained 
were mixed with 0.20 gm. of N’-carbobenzoxy-l-phenylamino- 
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butyric acid and after addition of the required amount of l-phenyl- 
ethylamine the mixture was subjected to fractionation again. 
After five recrystallizations and repeated fractionation of the 
mother liquors 4.35 gm., having a rotation of [a] = —19.3°, 
were obtained. The carbobenzoxy-d-phenylaminobutyric acid 
was recovered from the salt and reduced, yielding 1.6 gm. of 
d-phenylaminobutyric acid. The nitrogen analysis of 7.97 per 
cent agreed with the theoretical value of 7.82 per cent and the 
rotation was [a]? = —48.2°. The yield was 44 per cent of the 
theoretical based on the initial sample of the amino acid. 

The analyses for N“ were determined by the mass spectrometer 
as previously described (16). The N® content of the I(+)- 
phenylaminobutyric acid was 1.79 atom per cent excess and the 
d(—) form contained 1.77 atom per cent excess. 


Method of Administration of Compounds and Isolation 
of the Acetyl Derivative 


The feeding experiments involving the dl-N“-phenylamino- 
butyric acid and the isomers obtained by the resolution of brucine 
were carried out according to the techniques described in a 
previous paper (6). 

In the experiments involving the highly purified isomers and the 
use of deuterium oxide, the animals were fed a complete fluid diet, 
to permit control of the rate of feeding and to avoid contamination 
of the urine. The composition of this diet*® is given in Table I. 
Sufficient 99.5 per cent D,O was added to this diet to raise the DO 
content of the water therein to 4 per cent. Sufficient 99.5 per 
cent D,O was injected subcutaneously to raise the D,O concen- 
tration of the body fluids to approximately 2.5 per cent. The 
animals were given 4 per cent D,O for drinking, which, when com- 
bined with the water derived from the combustion of foodstuffs, 
maintained a concentration of approximately 2.5 per cent D,O in 
the body fluids. The D,O concentration of the body fluids of 
each individual was determined by the analysis of two samples of 
the urine, one from a 24 hour sample on the 3rd day and one from 
the over-all sample of urine. The animals were fed twice daily, 


? The authors wish to thank Dr. Robert A. Phillips for his kindness in 
making available his formula of the liquid diet. 
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the diet being administered by means of a No. 8 French catheter 
attached to a 10 ce. hypodermic syringe. 

In these particular experiments, white rats were kept in small 
cages having coarse mesh floors; the cages were mounted over 
large glass funnels. The urine was collected in wide mouth flasks. 
Glass bulbs supported above the mouth of the flasks deflected 
particles of feces but allowed the urine to drain into the collecting 
flasks. Small amounts of HCI were added to the collecting flasks. 

The phenylaminobutyric acid was fed at a rate of about 350 mg. 
per day. At the end of the period of administration of the com- 
pound, the administration of the fluid diet was continued for 4 
days and the urine collected during this period. 


TABLE | 
Composition of Fluid Diet 

per cent 
Skim milk powder......... ee) Oe eee a 
EE ye ee er, 
Ee DE Or ee ee Pee 
eo Gere Foo eae aD, xt min. = 
Cod liver oi]. ................ , 1 eee lr ee 
Osborne and Mendel salt mixture (17)... 0.3 
Water Bite: - ; 34.9 

100.0 


The funnel and bulb were carefully washed with 100 cc. of 1 N 
NaOH and the washings were combined with the urine. The 
alkaline solution was extracted three times with 60 cc. portions of 
ether and the combined ether extracts were extracted once with 
dilute NaOH. 

Exhaustive extraction with ether followed the acidification of 
the alkaline solution by HCl. Ten to twelve portions of ether 
were used and the emulsions which formed were separated by 
centrifuging. The emulsions remaining at the ether-water inter- 
face were separated and reextracted three times with ether. The 
combined ether extracts, totaling about 1000 cc., were washed 
once with water and evaporated to dryness. The residue was 
dissolved in 10 ce. of dilute NaOH and acidified. The product 
which crystallized on cooling was recrystallized by solution in 
alkali and reprecipitation by acid, treated with charcoal in a hot 
acid solution, and again crystallized. To remove traces of non- 
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isotopic nitrogen-containing impurities, the samples were recrystal- 
lized several times from hot water. The acetyl derivative was 
hydrolyzed by being refluxed for 2.5 hours in 6 cc. of 2 N HCl and 
the free acid isolated. The 1(+)-phenylaminobutyric acid was 
precipitated by neutralization to Congo red with NaOH and the 
phenylaminobutyric acid was twice recrystallized from hot water 
containing a trace of HCl. 


Feeding Experiments with dl-N*-Phenylaminobutyric Acid 


In a typical experiment, 1.0 gm. of the dl-phenylaminobutyric 
acid containing 1.97 atom per cent of N™ excess was fed and 


TABLE II 


Comparison of the N™ Concentration of Administered and 
Excreted Compounds 

















Senmner aduniatshened scaatheneeemrart acid 

‘LE Sh eee eee te ~~ 

ay ~ desrecn | atom per cont|  dagrese | atom percent | per cent 

dl | 197 | 427 | 1.00 | 80.7 
“ | 1.97 427.3 1.02 | 52.0 

“ | 1.97 428.4 1.05 | 68.4 
“ | 1.97 +27.0 1.06 54.2 

(+) +35.5 1.96 +27.0 1.45 72.7 
i.) = 1.92 | +26.3 | 0.225 | 11.7 
(+) 448.4 1.79 426.5 | 1.46 81.4 

—48.2 1.77 Oo | 0. 


d(—) 


| 
| 
| 
| 
| 
| 
| 
| 


0.166 gm. of acetyl-l(+)-phenylaminobutyric acid obtained. The 
acetyl derivative isolated melted at 179-180° and possessed a 
rotation of [a], = +27.1° for a 1 per cent solution in absolute 
ethyl alcohol. A nitrogen value of 6.51 was obtained (calculated 
6.33). The isotopic nitrogen concentration in the compound, 1.00 
atom per cent excess, was 50.7 per cent of that in the dl acid fed. 

The dl isomer was fed to four animals. The results, in general, 
duplicated very closely those just presented. The optical rota- 
tions and the concentrations of the N" are given in Table II for 
the isolated acetyl derivatives. 
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Feeding Experiments with I(+)-Phenylaminobutyric Acid 


N® Compound—900 mg. of /-phenylaminobutyric acid isolated 
by the brucine method, which had a rotation of [a], = +35.5° 
and an N® concentration of 2.01 atom per cent excess, were fed. 
0.240 gm. of acetyl-l(+)-phenylaminobutyric acid was recovered 
from the urine. The compound melted at 175-176° and had a 
pale brown tint. After recrystallization from hot water, the 
melting point was 177-178° and the rotation [a], = +27.0° for 
a 1 per cent solution in absolute ethyl alcohol. The nitrogen value 
for the isolated compound was 6.44. This compound had an N® 
concentration of 1.45 atom per cent excess which was 72.7 per 
cent of the N"™ concentration in the acid fed. 

N™ Compound to Animals with D,O—Two feeding experiments 
were carried out with the N“ compound. In the first experiment 
1.5 gm. of l(+)-phenylaminobutyric acid, possessing a rotation of 
[a] = +45.5°, were fed and the acetyl-l(+)-phenylaminobutyric 
acid which was isolated from the urine weighed 380 mg. after four 
recrystallizations. The melting point of this product was 178- 
180° and its rotation was [a]; = +25.8°. The deuterium analysis 
showed the acid (rotation [a] = +44°) hydrolyzed from the 
acetyl compound to contain 0.21 + 0.04 atom per cent compared 
to 2.55 atom per cent in the body fluids, which signifies that 1.1 + 
0.2 atoms were deuterium. The acetyl derivative before hydroly- 
sis contained 3.6 + 0.2 atoms of deuterium. The significance of 
this finding is being further investigated. 

The second experiment with the /(+)-phenylaminobutyric acid 
N™ consisted of the feeding of 6.5 gm. of this compound ({a]” = 
+44.1°), and isolation of 2.5 gm. of acetyl-l(+)-phenylamino- 
butyric acid. This latter compound possessed a rotation of 
[a]? = +26° and a melting point of 179-180°. Upon hydrolysis, 
the compound yielded /(+)-phenylaminobutyric acid whose 
rotation was [a]*4 = +46° and whose deuterium content was 
0.176 + 0.03 atom per cent. Since the body fluids in this case 
contained 2.35 atom per cent deuterium, the amount of deuterium 
represents 1.0 + 0.2 atom of deuterium. 

In order to ascertain the position of the deuterium the 1(+)- 
phenylaminobutyric acid containing 0.176 atom per cent deuter- 
ium was degraded to the next lower aldehyde by chloramine-T. 
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320 mg. of /(+)-phenylaminobutyric acid were suspended in 10 ec. 
of water and a solution of 700 mg. of chloramine-T in 30 cc. of 
water at 80° was added. The mixture was stirred and heated at 
80° for 15 minutes and allowed to cool to room temperature with 
continuous stirring. The p-toluenesulfonamide which separated 
was dissolved by the addition of 40 cc. of ethyl alcohol. 0.5 gm. 
of p-nitrophenylhydrazine hydrochloride was added and the solu- 
tion heated to boiling. 2 cc. of 6 N HCl were added and the 
solution was cooled and placed in the refrigerator for 24 hours. 
The phenylpropionaldehyde-p-nitrophenylhydrazone was twice 
recrystallized from 50 per cent alcohol. 330 mg., representing 66 
per cent of the theoretical, were obtained. The compound melted 
at 121—-122° and a mixture with an authentic sample showed no 
depression of the melting point. The deuterium content of this 
sample was 0.03 + 0.02 atom per cent or 0.17 + 0.11 atom of 
deuterium. 

N® Compound to Animals with D,O—770 mg. of l(+)-phenyl- 
aminobutyric acid, which was isolated by the method described in 
this paper and possessed a rotation of [aJ*4 = +48.4°, were fed. 
This acid contained an N"™ excess of 1.79 atom per cent. From 
the urine, 400 mg. of fairiy pure acetyl-l(+)-phenylaminobutyric 
acid, equivalent to 42 per cent of the original acid, were recovered. 
This sample was crystalline but somewhat colored. Its nitrogen 
value of 6.2 per cent agreed, however, with the calculated value of 
6.33 per cent. The N” concentration was 1.42 atom per cent ex- 
cess, which was 79 per cent of the N"™ concentration of the com- 
pound fed. 380 mg. of this sample were recrystallized four more 
times until pure white crystals were obtained. The purified 
sample melted at 179-180° and possessed a rotation of [a]? = 
+26.5°. Its nitrogen value was also found to be 6.2 per cent but 
the N® concentration was 1.46 atom per cent excess. The latter 
value represents 81 per cent of the concentration which the acid 
fed had possessed. As a further check on the purity of the com- 
pound the acetyl derivative was hydrolyzed and again analyzed 
for the isotopic concentration of the nitrogen. The acid obtained 
gave a rotation of [a]?! = +48° and a nitrogen value of 7.83 (cal- 
culated 7.82 per cent). The N" concentration of the acid was 
1.40 atom per cent excess. The deuterium content of this acid 
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was 0.18 + 0.03 atom per cent, which corresponded to 1.04 + 0.17° 
atoms, since the body fluids contained 2.20 atom per cent D. 


Feeding Experiments with d(—)-Phenylaminobutyric Acid 


N® Compound—0.9 gm. of d(—)-phenylaminobutyric acid pre- 
pared by the brucine method of resolution, possessing a rotation 
of [a]? = —44.2° and an N® concentration of 1.92 atom per cent 
excess, was fed. 0.172 gm. of acetyl-l(+)-phenylaminobutyric 
acid was recovered from the urine. The compound possessed a 
rotation of [a], = +26.3° for a 1 per cent solution in absolute 
ethyl alcohol and a melting point of 179-180°. The nitrogen 
value of 6.45 was in agreement with the calculated value of 6.33. 
The isotope concentration of 0.225 atom per cent excess was 11.7 
per cent of the concentration in the amino acid fed. 

N™ Compound to Animals with D,O—1.0 gm. of the d(—)- 
N"-phenylaminobutyric acid ({a]?4 = —48.5°) was fed and 225 
mg. of I(+)-acetylphenylaminobutyric acid were isolated from the 
urine. The latter compound melted at 178-179°. Upon hydroly- 
sis, it yielded an acid whose rotation was [a]!® = +45° and whose 
deuterium content was 0.24 + 0.04 atom percent. Since the body 
fluids contained 2.88 atom per cent deuterium, the quantity of 
deuterium in the acid was equivalent to 1.1 + 0.2 atoms. 

N® Compound to Animals with DxO—1500 mg. of d(—)-phenyl- 
aminobutyric acid isolated in the manner described in this paper 
were fed. The rotation of this isomer was [a]** = —48.2° and its 
nitrogen value was 7.97 per cent (calculated value 7.82 per cent). 
The N*® concentration, 1.77 atom per cent excess, is the same as 
that of the 1 acid within experimental error. The recovery of 
acetyl-l(+)-phenylaminobutyric acid, representing 18.6 per cent 
of the original acid, was considerably lower for this isomer. The 
recovered compound possessed a rotation of [a]? = +26° and the 
nitrogen value was 6.13 per cent. The N" concentration of 0.124 
atom per cent excess was much lower than the N™ concentration of 
the compound isolated in the preceding experiment. In fact, this 
concentration is only 7.0 per cent of the concentration in the sam- 
ple fed. After further purification, the rotation was [a]?” = +27°, 
the nitrogen value was 6.21 per cent, and the N™ concentration 
was 0.112 atom per cent excess, equivalent to 6.3 per cent of the 
concentration found in the acid fed. Similar to the procedure in 
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the previous experiment, this acetyl derivative was hydrolyzed. 
The 1(+) acid obtained possessed a rotation of [a] = +47° and a 
nitrogen value of 7.6 per cent. The N concentration was 0.085 
atom per cent. The deuterium content of the acid was 0.22 + 
0.02 atom per cent compared to 2.78 atom per cent in the body 
fluids. The deuterium content of the acid is therefore equivalent 
to 1.0 + 0.1 atom of deuterium. The data on the deuterium con- 
tent of the isolated compounds are summarized in Table ITI. 











Taste III 
Deuterium Content of Excreted Compounds 
Phenylaminobutyrie acid | Body | U(+)-Phenylaminobutyrie acid from 
administered | fluid | hydrolysis of acety! isolated 
P . AS ie veneanenseil: SI" T etetheiietnaninanetiia 
Compound | &, 7 oy Deuterium 
| degrees | a... degrees atom per cent | atoms 
d(—)-N“ | —48.2 | 2.78| +47| 0.22 4 0.02 1.0+40.1 
d(—)-N“ | 48.5 | 2.88 | +45| 0.24 + 0.04 1140.2 
U(+)-N 448.4 | 2.20} +48] 0.18 + 0.03 1.0 + 0.2 
(+)-N" +45.5 | 2.55| +45 | 0.21 + 0.04 1.1+40.2 
“ +44.1 | 2.35) 446) 0.184003 | 1040.2 














Feeding Experiments with Acetyl-d-N“-Phenylaminobutyric 
Acid to Animals with DxO 


2 gm. of acetyl-d(—)-N"™-phenylaminobutyric acid ({a]J? = 
—27.5°) were fed to rats whose body fluids contained 1.94 atom 
per cent deuterium. 390 mg. of acetyl-d(—)-phenylaminobutyric 
acid possessing a rotation of [a] = —26.5° were isolated from the 
urine. This compound contained 0.01 + 0.01 atom per cent deu- 
terium, which is equivalent to approximately 0.1 + 0.1 atom of 
deuterium, showing that within experimental error no deuterium 
was taken up by simple exchange by the acetyl-d(—)-phenyl- 
aminobutyric acid. 


DISCUSSION 


It may be of some advantage to summarize first the most salient 
findings which we have obtained, and then to discuss the possible 
interpretation that may explain these observations. 
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In the in vivo conversion of d-phenylaminobutyric acid to the 
acetyl-l-phenylaminobutyric acid, the original nitrogen was lost, 
in most part, from the molecule. Only about 6 per cent of the 
nitrogen in the excreted acetyl derivative was the original nitrogen, 
as indicated by the content of the N® isotope. When the yield 
of the acetyl derivative is taken into account, this indicates that 
about 1 to 2 per cent of the total N™ fed in the form of d-phenyl- 
aminobutyric acid was found in the acetyl derivative. 

After the administration of d-phenylaminobutyric acid, the 
l-phenylaminobutyric acid obtained from the excreted acetyl-l- 
phenylaminobutyric acid was found to have taken up the theoreti- 
cal amount of deuterium equivalent to 1 atom. 

Administration of acetyl-d-phenylaminobutyric acid was fol- 
lowed by the excretion of unchanged acetyl-d-phenylaminobutyric 
acid and no stable deuterium was taken up. 

In the formation of the acetyl-l-phenylaminobutyric acid from 
the l-phenylaminobutyric acid, a considerable part of the original 
nitrogen remained attached to the carbon skeleton. About 80 
per cent of the nitrogen in the excreted derivative was original 
nitrogen, whereas 20 per cent was new. When the yield of the 
acetyl derivative is taken into account, this indicates that about 
30 to 35 per cent of the total N” isotope fed in the form of /- 
phenylaminobutyric acid was found in the acetyl-l-phenylamino- 
butyric acid. 

In the formation of the acetyl-l derivative from the / acid, 1 
atom of deuterium was picked up just the same as in the conver- 
sion of d-phenylaminobutyric acid to acetyl-l-phenylaminobutyric 
acid. This deuterium was shown to be present in the a position. 

Any mechanism suggested for the inversion and acetylation 
must be consistent with all these facts. One such mechanism has 
already been touched upon in the introduction and may best be 
summarized by Scheme 1. 

The course of the metabolism of each of the isomers according 
to Scheme 1 may be considered. The / isomer upon dehydrogena- 
tion would yield the imino acid for which there would be two 
competing reactions, hydrolysis (2) and condensation with pyruvic 
acid (2’). It would have to be assumed that the rate constant of 
hydrolysis (2) is of the same order of magnitude as the rate con- 
stant of condensation with pyruvic acid (2’). It is clear that that 
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portion of the imino acid which reacts with pyruvic acid would 
appear in the urine as the acetyl derivative containing N“. In 
this process, deuterium would enter the stable position at the 
a-carbon atom during the reaction. 





Scheme 1 
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The keto acid which would be formed by reaction (2) must, in 
addition to further oxidation, also yield acetyl-l-phenylamino- 
butyric acid from what is alréady known of the behavior of this 
keto acid in the body. The ammonia split off in reaction (2) 
would become greatly diluted with ammonia from other deamina- 
tions simultaneously occurring in the tissue. Therefore ammonia 
entering reaction (3) would in the main be N“. The acetyl-- 
phenylaminobutyric acid formed from the keto acid should con- 
tain mainly N", as shown by reactions (3) and (4), although some 
N® would be present. 
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It must also be borne in mind that the keto acid is in part ex- 
creted and in part further oxidized. The fact that the phenyl- 
hydroxybutyric acid also appears in the urine after the feeding of 
the keto acid shows that the keto acid may also be reduced. 

The difference in the behavior of the d and / isomers according 
to the above series of reactions can be explained by the assumption 
that the rate of dehydrogenation of the d acid (1) is considerably 
greater than that of the l acid (1’). It will be recalled that Krebs 
(10) found the rate of deamination of the d-amino acid some 25 
times as great as that of the / series. The d acid would be con- 
sidered to be dehydrogenated by d-deaminase at such a rate that 
the pyruvic acid available would be insufficient and its rate of 
formation too slow to handle the imino acid being formed, 
whereas in the case of the l-amino acid the rate of dehydrogena- 
tion would be slower and a considerably greater proportion of the 
imino acid would be given a chance to react with the pyruvic acid. 
In the case of the d acid all the imino acid would become hydro- 
lyzed to the keto acid, with the consequent loss of almost all the 
N®. Just as discussed above, the formation of the acetyl deriva- 
tive in a medium containing D,O would account for deuterium 
being taken up in the @ position of the amino acid moiety. The 
difference in the amounts of N” found in the acetyl compound 
derived from the d and / acids, respectively, would therefore rest 
mainly on the different rates of dehydrogenation of the d and l 
acids. 

If phenylaminobutyric acid is capable of entering into the 
Braunstein (18) transamination reaction (U’maminierung) through 
the mediation of the ketodicarboxylic acid-aminodicarboxylic 
acid mechanism as ordinary amino acids, then undoubtedly 
l-phenylaminobutyric acid will go to keto acid and vice versa in 
this way. Furthermore, if the dehydrogenation to the imino acid 
be directly reversible by hydrogenation, still another mechanism 
of return of keto and imino acid to amino acid is available. There 
is no reason to assume that the Knoop acetylating amination 
mechanism and the Braunstein mechanism are mutually exclusive 
in converting keto to amino acid, nor are oxidative deamination 
reaction and the Braunstein reaction mutually exclusive in con- 
verting amino acid to keto acid. In fact, von Euler and his co- 
workers (11) represent the possibility of all of these mechanisms 
as occurring concurrently as well as independently. At the 
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present state of knowledge, there are no criteria available for 
evaluating the relative participation of each type of mechanism. 
However, in the case of phenylaminobutyric acid, the / acid which 
might be synthesized by other mechanisms from the keto acid 
would eventually be excreted for the most part as the acetylated 
compound. 

In examining in closer detail the mechanism of the Braunstein 
transamination (l’maminierung), it can be seen that there is a way 
for the deuterium to enter the a position of phenylaminobutyric 
acid before the amino acid reaches the keto acid stage. Such a 
possibility gives rise to an alternative interpretation of all the 
experimentally observed facts, including the uptake of deuterium 
in the a position concomitant with retention of such a large portion 
of the original nitrogen in the formation of acetyl-l-phenylamino- 
butyric acid from the /-phenylaminobutyric acid, an interpretation 
based on transamination plus direct acetylation. 

In considering the mechanisms of the Braunstein reaction, it is 
extremely plausible that the reaction proceeds as formulated by 
Braunstein and Kritzmann (18) through steps similar to those 
proposed for the Herbst (19) reaction, except as pointed out by 
Braunstein that in the in vivo reaction an asymmetric rearrange- 
ment is involved. 

On the basis of Scheme 2, it can be seen that if direct acetylation 
of the amino acid can take place, it is possible to explain the partial 
retention of the N" in the l-amino acid along with the uptake of 
deuterium. If each step represented be reversible, it is possible 
for deuterium to be taken up in the a@ position in the equilibrium 
set up between Schiff Base I and II. Through the reverse re- 
actions the amino acid stage could be regained without further 
changes occurring. In order to account, however, for approxi- 
mately 1 atom of deuterium appearing in the a position of the ex- 
creted product, condensation with ketodicarboxylic acid must be 
more rapid than acetylation of the amino acid. 

For pyruvic acid to act directly as the acetylating agent of the 
amino acid, the following intermediate 
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could be considered, but some outside oxidizing agent would be 
required to oxidize the pyruvyl group to the acetyl. To expect 
such a reaction to occur is not too unreasonable if acetylation of 
aminobenzoic acid and such related compounds are analogous 
types of acetylation. On the other hand when direct acetylation 
comes into question, the possibility of acetic acid being the acetylating 
agent cannot be ruled out, even though its source may be pyruvic acid. 
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It might be recalled that in the reaction of imino acid (keto 
acid + NH;) with pyruvic acid, the following intermediate was 





suggested by Knoop and discussed by du Vigneaud and Irish. 
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Evidence was presented that such a compound could undergo an 
intramolecular oxidation and reduction to yield the acetyl deriv- | 
ative of the amino acid. The phenylbutyryl moiety would be 
reduced, while the propyl moiety would be oxidized. The pyruvic 
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acid thus would act as a hydrogen donator for the reduction of the 
imino acid, in contrast to its réle in a direct acetylation. 

Direct acetylation of the d acid is absolutely incompatible with 
the inversion to the /-acetylamino acid, since the administration of 
the d-acetyl leads to the excretion of d-acetyl without any inver- 
sion. Regardless of the subsequent reactions, the d-amino acid is 
undoubtedly acted upon by d-deaminase to form the imino and 
keto acids. The small amount of N” found in the acetyl com- 
pound after feeding the d acid may be ascribed entirely to a return 
of some of the N“ previously removed during deamination, on the 
basis of the latter interpretation. 

In this alternative hypothesis which we have proposed, the 
difference between the behavior of the d and / acids is a qualitative 
one, based on the inability of the d acid to be directly acetylated 
or to partake in transamination. The / acid on the other hand, 
may be either directly acetylated or be transformed to keto acid 
by transamination. Thus the d acid would have to be oxidatively 
deaminized to keto acid, losing all its original nitrogen in the 
process and the keto acid thus formed would thereafter behave 
exactly as the keto acid which is produced from the / acid, since 
they are identical. Any original nitrogen appearing in the acetyl-l 
excreted in the urine after the feeding of the d isomer would be, 
on this basis, due to reincorporation of N™. 

The interpretation of these data rests in considerable measure 
on whether direct acetylation of the l-amino acid is possible, 
or whether acetylation is purely incidental to the reduction of 
an imino acid. Direct acetylation of an amino acid would, of 
course, connote for the phenomenon of acetylation an entirely , 
different metabolic significance from its réle as an intermediary 
step in reductive amination. 

In the discussion, considerable weight has been placed on the 
uptake of deuterium in the a position. This reliance is based 
upon the conviction that when D,O is present in the body fluids, 
deuterium enters into the molecule of a compound in stable posi- 
tions only through definite chemical reactions, reactions in which 
hydrogen or water is involved. We know of no data in the litera- 
ture that cannot be logically explained on this basis. We feel 
that at present there is no reason to assume the presence of mys- 
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terious labilizing enzymes or influences in the body. We feel 
that entrance of deuterium into compounds of the body is ex- ' 
plainable in the same way as would be explained in in vitro re- 
actions, and that we should call upon known chemical reactions 
to explain them until definite evidence to the contrary is adduced. 
In the present experiments the presence of deuterium attached 
to only the a-carbon points, we feel, to a definite chemical reaction 
having occurred at that position and is in conformity with the 
known chemistry of amino acids. The lack of deuterium ap- 
pearing in other parts of the molecule argues against the occurrence 
of some general labilizing effect in the body. The lack of uptake 
of deuterium by acetyl-d-phenylaminobutyric acid, when it was 
fed to animals whose body waters contained D,O, is strong evi- 
dence for this point of view. We should like to refer to the dis- 
cussion by Foster, Rittenberg, and Schoenheimer (20) for a further 
consideration of this general question. 

The results with feeding the 1 form of the phenylaminobutyric 
acid remind one, as far as the nitrogen is concerned, of the results 
recently obtained in work with /-leucine (13). These two sub- 
stances are similar in their metabolism in the sense that the 
organism cannot synthesize their carbon skeletons. It has been 
shown that the a-amino group of this indispensable amino acid, 
leucine, is involved in the living animal in a continuous reversible 
process of yielding nitrogen to and accepting nitrogen from other 
amino acids. How far the various mechanisms discussed in this 
paper with respect to phenylaminobutyric acid are applicable to 
the metabolism of the normal amino acids of the body can only 
be ascertained by further experimental work. 








: SUMMARY 


It has been shown that in the in vivo inversion of d-phenyl- 
aminobutyric acid and conversion to the acetyl-/-phenylamino- 
butyric acid, almost all of the original nitrogen of the com- 
pound fed has been replaced by new nitrogen. This evidence 
has been obtained by labeling the nitrogen with the N“ isotope. 
By feeding the compound to animals whose deuterium content 
of the body fluids was raised to approximately 2.5 atom per cent, 
it was possible to show that 1 atom of deuterium was taken up 
in the a position of the amino acid moiety of the excreted com- 
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pound during the process. The experimental facts observed 
agree with the hypothesis that the keto acid is an intermediate 
in the inversion of an unnatural isomer to its enantiomorph. 

The acetyl-l-phenylaminobutyric acid excreted after the feeding 
of l-phenylaminobutyric acid contained a large proportion of 
the original nitrogen, in contrast to the results with the d isomer. 
In experiments in which the animals were given deuterium oxide, 
it was again found that the acetyl-l-phenylaminobutyric acid 
contained 1 atom of deuterium in the a@ position, as in the experi- 
ment in which the d acid was fed. The various mechanisms that 
might explain these experimental observations have been dis- 
cussed in detail. 

A new synthesis of phenylaminobutyric acid suitable for intro- 
ducing the N® isotope has been presented. A new resolution 
of dl-phenylaminobutyric acid was developed in which the phenyl- 
ethylamine salt of the carbobenzoxy derivative was utilized. 
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Previous studies (1-3) have shown that the metabolism of 
carbohydrates and ketone bodies in infants and children has 
distinct peculiarities which are characteristic of these age groups. 
The two most important differences between the young and the 
adult human being are (a) the ease with which hypoglycemia 
develops in infants and children when carbohydrates are with- 
held from the diet (1) and (6) the pronounced disposition to ketosis 
at certain ages. Studies (3) made on ketosis showed that under 
the influence of a ketogenic diet with a ratio of 2.5:1 ketonuria 
remains minimal in infants up to the age of 7 or 8 months. From 
then on, ketonuria develops with increasing ease during the first 
4 years of postnatal life, reaches a broad peak at from 4 to 8 years, 
and decreases during prepuberty, at which time it equals values 
obtained in adults, values which are still much higher than those 
found in infants. 

To understand these findings, one should know more about the 
effect of age and fasting on the content of glycogen in liver and 
muscle. The reports of systematic studies thus far made in 
this field rarely include determinations in animal or human in- 
fants, although the period of infancy is obviously of the greatest 
interest to the problem. 

Because Collip and his collaborators (4) described a disposition 
to ketosis in rats in regard to age that was similar to that which 
was found (3) in human beings, rats were chosen for the experi- 
mental animals. 

Results of the experiments now reported show, however, some 
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differences between rats and human beings in regard to the in- 
fluence of fasting on the blood sugar level (Fig. 1). In rats 8 to 11 
days old and 10 to 12 weeks old, hypoglycemia does not develop 
after 1 and 2 days of fasting, as it does in human infants and 
children. Blood sugar values obtained in these rats were not 
lower after 1 and 2 days of fasting than normal fasting values 
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Fig. 1. Blood sugar values obtained in rats before and during 1 and 2 


days of fasting, according to age. 


in full grown animals, whereas in human infants and children, 
under similar conditions, the values would be around 50 to 60 


mg. per 100 cc. of blood. 
Methods 


A total of 119 white rats was divided into three age groups: 
8 to 11 days, 10 to 12 weeks, and 2 to 3 years. These animals 
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were fed the Sherman Diet B as modified by Smith and Bing (5), 
supplemented with yeast and wheat germ. The first blood sugar 
and glycogen values were determined 3 hours after the food tray 
had been removed from the cage or after nursing rats had been 
separated from their mothers for 3 hours. Determinations of 
liver glycogen values were also made on twenty-one puppies, 
6 days old, in the same manner. During the period of actual 
fasting, the animals had access to water in their cages. 

The animals were bled to death by cutting through the large 
abdominal or femoral vessels. The content of sugar in the blood 
obtained from the bleeding animals was determined according 
to the method of Folin (6). 

The content of glycogen was determined by the method used 
by Pfliiger (7), and the range of error was +0.15 gm. per 100 gm. 
of fresh tissue. The tissues of the rats and puppies were im- 
mersed immediately after death in a 60 per cent solution of KOH. 
The liver and muscle tissues of from three to six baby rats were 
pooled together in order to obtain sufficient material. 

The water content of the tissue was measured by weighing 
the tissues before and after incubation for 24 hours at 100°. Here 
the range of error was +0.1 gm. per 100 gm. of fresh tissue. 


Results 
Effect of Age 


Before the influence of fasting was studied, data on the influence 
of age alone on the content of glycogen in liver and muscle were 
obtained. 

It was found that the liver of a week-old rat contains from 
3 to 4 times less glycogen than that of a full grown animal (Fig. 2). 
The values rise within the first 6 weeks and decrease slightly and 
very slowly from the 6th week on; the average value at 6 weeks 
was 5.5 gm. per 100 gm. of fresh liver. In view of the results 
of Deuel and his collaborators (8) on diurnal changes in liver 
glycogen, it should be mentioned that all rats were killed between 
10 and 11 a.m. Deuel (9) found the maximum level of liver 
glycogen at 39 to 40 days of age. This result agrees satisfactorily 
with our findings. 

Is the low content of glycogen in the liver of the nursing rat, 
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together with its increase during the first 6 weeks of life, connected 
with the change in nutrition which takes place during that time? 
The experimental results do not support this possibility. The 
rats were weaned when they were 3 weeks old, and they had no 
access during the nursing period to any food other than their 
mothers’ milk, because as soon as the baby rats were 2 weeks old 
the mother rat was fed outside the cage. 
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Fia. 2, Values for liver glycogen and muscle glycogen in rats of different 
ages. 
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The most pronounced increase in content of glycogen in the 
liver takes place, however, during the nursing period in rats. 
The curve rises far less steeply after the rats have been weaned. 
The cause for this increase within the first 6 weeks of postnatal 
life must, consequently, be exclusively endogenous. Seckel and 
Kato (10) give further support to this assumption. They found 
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that in rats no definite diurnal cycle of liver function is demon- 
strable up to the age of 13 days. The increase in liver glycogen 
with age is consequently not the only rather impressive change 
in the function of the liver cells. 

Determination of content of glycogen in muscle tissues of rats 
produced different results (Fig. 2). No distinct and positive 
difference in glycogen content of muscle tissue of baby rats was 
found as compared with the two older age groups. Owing to 
the small amounts of tissue obtainable in animals 1 and 2 weeks 
old, the range of error may, however, be larger in this age group. 
Muscle glycogen values for other animals, moreover, such as 
dogs, rabbits, and guinea pigs, also do not show any differences 
in corresponding age groups.' It should be concluded, there- 
fore, that muscle tissue, in contradistinction to liver tissue, con- 
tains like amounts of glycogen at all ages. 

The question naturally arose whether the glycogen content 
of the livers of baby rats and puppies could be raised above its 
physiologically low level by administration of dextrose. Because 
in clinical practice this is a frequent procedure, and is done mainly 
by parenteral injection, 2 cc. daily of a 10 per cent solution of 
dextrose were injected subcutaneously into each of twenty-four 
rats and 16 cc. daily into each of sixteen puppies, when they were 
2 days old. When the rats were 8 days old and the puppies 6 
days old, they were killed, from 2 to 24 hours after the last injec- 
tion of dextrose. Seven rats 8 days old and five puppies 6 days 
old were used as controls. During the period when dextrose 
was administered, some of the animals were fasted, as shown 
in Fig. 3. 

It may be seen in Fig. 3 that the content of glycogen in the 
livers of baby rats and puppies increases after administration 
of dextrose, the maximum content being reached in from 4 to 6 
hours. The values remain elevated in the rats for from 12 to 16 
hours and in the puppies for about 20 hours after the last injection. 

The maximum value for liver glycogen in nursing rats, as well 
as in puppies, after the administration of dextrose, corresponds 
exactly to the values obtained in healthy full grown animals. 
For full grown rats this value is 5 gm. (Fig. 2) and for adult dogs 
4.5 gm.' per 100 gm. of fresh tissue. The liver of the nursing 


1 Heymann, W., unpublished data. 
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rat and of the puppy seems to be unable to convert into glycogen 
a larger amount of parenterally administered dextrose, and its 
capacity to accumulate glycogen is certainly very much smaller 
than that of older animals. 

It is not unlikely that similar conditions exist in human beings, 
as Burghard (11) found very low liver glycogen values in healthy 
new born infants (2 to 3 gm. per 100 gm. of liver), whereas his 
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Fic. 3. Liver glycogen values in baby rats and puppies after injection of 
a 10 per cent solution of dextrose. X indicates animals were not fasted 
after the injection of 10 per cent dextrose; @, animals were fasted following 
dextrose injection; O, controls which received no dextrose. 


values for healthy adults were between 6 and 8 gm. per 100 gm. 
of liver. 

The bearing of these experimental investigations on clinical 
problems which pediatricians meet daily is obvious and will be 
discussed in another paper. It should be pointed out here, how- 
ever, that the amount of dextrose injected into the nursing rats 
and puppies was about 10 times the amount of glycogen stored 
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in the liver of the animals. This difference would be found to 
be smaller in clinical practice. 


Effect of Fasting 


Observations discussed in previous communications (1-3) 
suggested the possibility that fasting might not deplete the gly- 
cogen depots in the liver of infants so fast or so easily as in children 
or adults. Experimental support for this hypothesis was sought 
by observing the influence of fasting for 1 and 2 days on the content 
of glycogen and water in the liver and muscle of rats 8 to 11 days 
old, 10 to 12 weeks old, and 2 to 3 years old. The results are 
shown in Fig. 4. 

It can be seen that the content of glycogen in the liver decreases 
under the influence of fasting at an equal rate in animals of all 
three age groups, in contradiction of the hypothesis suggested. 
There is no basis for the assumption that it might be retained 
more tenaciously in the liver of baby rats. Within from 6 to 10 
hours it reaches the lowest possible hunger level, regardless of 
the age of the animals. Nor is there any distinct age difference 
in the reaction of the content of glycogen in muscle to hunger. 
The values are lower to start with than those for liver, and the 
differences before and during fasting are smaller, because there 
is no complete disappearance of glycogen from the muscles. The 
correctness of the few high values obtained in determining the 
glycogen content of the muscle of baby animals has already been 
questioned; these values, consequently, are not considered in 
this discussion. 

Glycogen is supposedly one of the important factors responsible 
for the water content of tissues. MacKay and Bergman (12) 
found that in the liver of rats an average of 3.8 gm. of water was 
stored with each gm. of glycogen. They concluded that their 
results with rabbits (13) did “not oppose the frequently quoted 
statement that with every gm. of glycogen 3 gm. of water are 
stored.” In the fasting rat, however, Greisheimer and Golds- 
worthy (14) found that the reiationship was less marked. 

Determination of water content was made at the same time 
as determination of glycogen content, about one-half the amount 
of liver or muscle being used for each. The experimental results 
recorded in Fig. 4 show that under normal conditions the liver 
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of the baby rat, with a glycogen content averaging 3 times less 
than that of older animals, has a higher water content than has 
the liver of older animals, and that the liver of rats 10 to 12 weeks 
old contains less water than that of rats 8 to 11 days old, in spite 
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of its being able to store 2 and 3 times as much glycogen. Further- 
more, fasting deprives the liver of its glycogen stores without 
correspondingly lessening its water content, with the possible 
exception of the rats in the 2 to 3 year age group. There is, then, 
no parallelism whatever between the content of glycogen and 
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that of water in the liver of rats. The very high water content 
in muscle tissue of baby rats also cannot be explained on the 
basis of corresponding differences in glycogen content. Some 
other explanation than glycogen storage, consequently, is re- 
sponsible for the high water content in the tissues of baby animals. 
The importance of glycogen as one of the chief water retainers 
certainly diminishes, in view of these results. 


DISCUSSION 


One cannot help being impressed by how little it matters that 
the glycogen content of the liver is low throughout the nursing 
period. 

The fact that ketosis cannot be produced in young human 
infants and the great ease with which it can be produced in children 
(3) contradict every expectation so far as the content of glycogen 
in liver is concerned. One would expect the effects to be reversed, 
on the basis of the low values for liver glycogen found in nursing 
human and animal infants and the high values in children and 
older animals. The newer knowledge of the dominant importance 
of hormonal regulation of the metabolism of ketone bodies, as 
affected by the pituitary (15) and suprarenal (16) glands, finds 
support in these results. 

The ease with which hypoglycemia develops in infants subjected 
to carbohydrate starvation also cannot be explained by the physi- 
ologically low glycogen values in liver tissue, because in baby 
rats hypoglycemia does not develop, in spite of the low content 
of glycogen in the liver. In children, on the other hand, fasting 
hypoglycemia does develop, in spite of high glycogen values. 
As fasting deprives the liver of its glycogen depots in animals 
of all ages with the same ease, it must be assumed, furthermore, 
that other factors than glycogen reserves in the liver are respon- 
sible for the development of fasting hypoglycemia in the young 
human being. These factors, in all probability, would have to 
be sought in age-conditioned differences in hormonal regulation. 

Another aspect of these results is concerned with the vulner- 
ability of the liver. The lower the glycogen deposition in the 
liver, the more is the liver parenchyma supposed to be subject 
to injury. This opinion is based on experimental as well as 
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clinical experience. It might be correct, if comparisons were 
made within one age group; that is to say, if the influence of a 
liver poison is compared in animals and human beings of the 
same age that have or have not been subjected to fasting. With- 
out some such qualification, however, the foregoing assumption 
is wrong. In experiments not reported in this paper, baby rats 
with their low hepatic glycogen values were found to be distinctly 
more resistant to the effects of carbon tetrachloride than older 
animals with their high liver glycogen values. In spite of daily 
inhalation of carbon tetrachloride, continued to complete narcosis, 
baby rats kept on gaining weight normally for from 10 to 12 days. 
This result agrees with the daily experience of pediatricians who 
encounter clearly recognizable organic diseases of the liver in 
infants far less frequently than in older children. One may con- 
sequently conclude that the low content of glycogen in the liver 
of the human infant does not decrease the resistance of the liver 
to injury. 

The physiologically low content of glycogen in the liver of 
animal and human infants, together with the knowledge that a 
few hours of fasting in rats are sufficient to reduce it to a minimum, 
certainly makes one more liberal toward the indication for enteral 
or parenteral administration of carbohydrates in infancy. It has 
been shown that the parenteral administration of dextrose in- 
creases the content of glycogen in the liver of rats for not longer 
than from 12 to 20 hours. And there is no reason to assume 
that the situation is essentially different in human infants. 

The low glycogen deposition in the liver of infants, moreover, 
offers a better explanation of the high carbohydrate requirement 
of infants than has heretofore been proposed. Also, the fact 
that the liver is larger in infancy than at any other age could 
be explained by the teleological reasoning that the low glycogen 
content of this organ has to be compensated by a greater amount 
of tissue. 

As far as the relationship between carbohydrate metabolism 
and water is concerned, it is improbable that sugar once con- 
verted into glycogen retains water solely on account of the hydro- 
philic properties of glycogen. The lack of parallelism between 
glycogen content and water content in liver and muscle under 
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normal conditions as well as under the influence of fasting speaks 
strongly against such an obviously too simple explanation. 


SUMMARY 


Rats of three age groups (8 to 11 days, 10 to 12 weeks, and 
2 to 3 years) were fasted for 2 days. In none of these animals 
did hypoglycemia develop, This result differs from that observed 
in studies made on human infants and children. 

The liver glycogen value for rats 8 to 11 days old is one-third 
that for rats in the two older groups. During the first 6 weeks 
of postnatal life this value increases steadily, the average value 
for the animals 6 weeks old being 5.5 gm. per 100 gm. of fresh 
liver, which is only slightly higher than the average value for the 
full grown animals (4.6 gm.). 

The increase in content of glycogen in the liver of baby rats 
takes place mainly during the nursing period. The causes for 
the low content and its rise during infancy are consequently 
endogenous in nature, 

The muscle glycogen values in baby rats are certainly not lower 
than those in the two older groups, if they differ at all. 

Fasting for 1 and 2 days diminishes the content of glycogen 
in liver and muscle of rats in all three age groups with the same 
ease. This result does not support the hypothesis that the liver 
retains its glycogen deposits with greater tenacity during infancy 
than during later periods of life. 

In spite of having the lowest content of glycogen, the livers 
of baby rats show the highest water content of all three age groups. 
The diminution in liver glycogen produced by fasting is not ac- 
companied by a corresponding loss in liver water. The important 
réle which glycogen is supposed to play as a water binder is not 
evident from these results. 

Baby rats tolerate carbon tetrachloride better than older rats. 
The low content of glycogen, accordingly, does not make the 
liver more vulnerable. 

The pronounced disposition to ketosis at certain ages, referred 
to in a previous publication (3), can in no way be explained by 
the age-conditioned differences in liver glycogen values found in 
these experiments. 
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COLORIMETRIC DETERMINATION OF AMMONIA WITH 
THYMOL-HYPOBROMITE REAGENT 


By P. ARNE HANSEN ann VERNER NIELSEN 
(From the Biotechnical-Chemical Laboratory, Copenhagen, Denmark) 


(Received for publication, August 8, 1939) 


Nessler’s reagent, so widely used in the colorimetric estimation 
of small amounts of ammonia, has certain disadvantages. The 
yellow compound formed is a colloid, and consequently the depth 
of color will depend on the degree of dispersion; furthermore it is 
apt to flocculate. In order to overcome the disadvantages of 
Nessler’s reagent and to increase the accuracy of the method, 
Van Slyke and Hiller (1933) devised an excellent method for the 
estimation of ammonia by a colorimetric procedure based on the 
reaction of Berthelot-Thomas. The blue color which ammonia 
forms with a mixture of phenol and hypochlorite behaves as if it 
forms a true solution and may conveniently be determined in the 
colorimeter. The test is even more sensitive than the one based 
on the Nessler reaction. Borsook °(1935) modified the technique 
of Van Slyke and Hiller, who used a boiling water bath to induce 
the reaction, by exposure to 37° for 50 minutes. At the same time 
the distillation of Conway and Byrne (1933) was introduced for 
the volatilization of the ammonia, and the spectrophotometer 
was used for making the colorimetric readings. Crismer (1937), 
finding it difficult to obtain hypochlorite of uniform quality, 
replaced the Javel water by a solution of chloramine-T; but as 
this compound needs more energetic heating to liberate its chlorine, 
the mixture had to be heated on a water bath. Crismer used the 
Pulfrich photometer for the colorimetric determination. Hins- 
berg and Mucke (1938) studied the most advantageous proportion 
between phenol and hypochlorite and found that the color de- 
pended on the pH of the solution. 

With the technique of Crismer, in this laboratory it was found 
that small variations in the heating period produced large varia- 
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tions in the results, a fact that Borsook as well as Crismer himself 
had observed. Careful attention and accurate timing are re- 
quired, a serious drawback when many analyses have to be carried 
out. Furthermore, the large number of reflux condensers neces- 
sary causes some inconvenience and expense. When strong 
heating is applied, the distillation of the ammonia from the original 
sample is imperative if even minute amounts of other nitrogenous 
compounds are present, as ammonia otherwise will be set free 
during the process of heating. 

In all the methods based on the reaction of Berthelot-Thomas 
it may be objected that the color is unstable. Although accurate 
results may be obtained when a prescribed method is rigorously 
adhered to, considerable error may occur in practical routine work, 
due to small deviations from the standard technique. Many of 
the difficulties encountered may be avoided by replacing phenol 
by thymol and hypochlorite by hypobromite. The Javel water is 
troublesome to prepare and must be standardized at intervals, 
and the use of chloramine-T creates new difficulties. On the 
other hand, hypobromite of a satisfactory strength is always 
easily prepared simply by mixing saturated bromine water and a 
sodium hydroxide solution. One of us (Hansen, 1930) has devised 
a qualitative test in which thymol and hypobromite are employed. 
In the present paper it is shown how this procedure can be adapted 
to the quantitative estimationsof ammonia. 

Reagents— 

Ammonia-free water. Ordinary distilled water of good qual- 
ity to which a little sulfuric acid has been added is distilled; only 
the middle portion is collected. 

Thymolate. 2 gm. of very finely pulverized thymol are dis- 
solved in 10 ml. of 2 N sodium hydroxide, and 90 ml. of ammonia- 
free water are added. Since the thymol dissolves very slowly, 
this solution should be prepared a day ahead. The reagent is 
kept in a dark bottle and discarded when discolored; a slight 
brownish hue is, however, of no significance. It can be kept for 
at least 3 weeks under ordinary laboratory conditions. 

Hypobromite. To 100 ml. of saturated bromine water add 
quickly without loss of bromine 35 ml. of 2 n sodium hydroxide. 
The mixture is unstable; yet it may be safely kept for some weeks 
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if stored in the ice box in a glass-stoppered bottle; but as it is so 
easily prepared, it is recommended that fresh lots be made up at 
frequent intervals. It is of importance that the bromine water be 
saturated or nearly so. We keep a glass-stoppered bottle with 
bromine water made from ammonia-free water above an excess 
of bromine in the refrigerator at 5° for ready use. The hypobro- 
mite reagent may if desired be titrated with 0.1 Nn thiosulfate 
after addition of acid. Acceptable solutions should require at 
least 2.7 ml. of 0.1 N thiosulfate per ml. 

Isopropyl ether. A pure grade of this solvent is shaken with 
dilute sodium hydroxide and a little ferrous sulfate and dried 
over calcium chloride. 

Ammonia standard. About 40 mg. of ammonium sulfate, pro 
analyst Merck, dried over concentrated sulfuric acid for 3 days 
are accurately weighed on the microbalance and placed in a 1 
liter volumetric flask which is filled to the mark with ammonia- 
free water. 

Procedure 


5 ml. of the amonium salt solution to be analyzed are pipetted 
into a separatory funnel large enough to insure a thorough mixing 
of the contents on shaking, yet not so big that appreciable Josses 
could occur by evaporation. Here a 20 ml. ordinary with 
a glass stop-cock was used. Add 1 ml. of the thymolate solution 
and mix, then 1 ml. of the hypobromite and mix. The glass is 
tightly stoppered (not with a rubber) and left at room temperature 
for 2 hours, after which period the reaction is completed. 5 ml. 
of isopropyl] ether are added, with an automatic pipette consisting 
of an accurate syringe which can be set at a definite point by 
means of ascrew. The mixture is vigorously shaken for 1 minute, 
and then left for the separation of the layers. The greenish blue 
color which has developed in the water phase must completely go 
into the ether phase, staining this pink to deep red. A blank, 
which always must be run simultaneously, may serve as a standard 
of comparison for the completeness of the ether extraction. The 
watery layer is discarded and the clear ether portion is run into 
the absorption cell of a Pulfrich photometer. The ether layer of 
the blank is placed in the other cell of the photometer and the 
extinction coefficient is determined with the use of filter No. 8-53. 
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The method of distillation of Conway and Byrne (1933) is 
recommended to set the ammonia free from the sample to be 
analyzed. The quantities used in this laboratory were 2 ml. of 
0.1 N sulfuric acid, 2 ml. of the sample, and 1 ml. of saturated 
potassium carbonate solution. By this method 2 ml. of distillate 
are obtained. This is diluted to 5 ml. and treated as above. 


EXPERIMENTAL 


The standard solution prepared contained 0.04106 gm. of 
ammonium sulfate in 1 liter or 8.7057 of nitrogen per ml. 
The extinction (#), determined with filter No. S-53 in 1 em. depth 
of the isopropyl ether extract, was 0.355. Hjem. = 1.000 corre- 
sponds to ammonia N = 24.5 y per ml. 

To test the general value of the method a series of ammonium 
salt solutions was prepared, the concentrations of which are 
given in Table I. 

0.07369 gm. of dry, chemically pure ammonium chloride was 
dissolved and made up to 1 liter with doubly distilled water, as 
described under the procedure for preparing the standard. The 
dilutions were made according to the convenient scheme of Shaw 
(1938), except the 1:10 dilution, which was prepared directly 
from the stock solution of ammonium chloride. 

Table I indicates that an estimation of ammonia nitrogen can 
be carried out with a fair degree of accuracy. The photometer 
may be equipped with three different kinds of absorption cells: 
(1) standard size cells, (2) small cells, Kleinkiivetten, and (3) 
microcells. When layers deeper than 1 cm. are used, the standard 
cell requires more liquid than is available, and the “small cell” 
has to be used. As changing from standard size to small size 
necessitates the modification of the optical arrangement also, 
workers may find it easier to use the small size throughout. 
This type of cell may be obtained with depths of 0.5, 1, 2, and 
5 cm. 

The amounts necessary are given here. The 0.5 cm. “standard 
cell” takes 1.75 ml.; the 1 em., 3.5 ml.; the 2 cm., 7 ml. The 
2 cm. “small cell” takes 1 ml.; the 5 em., 2.5 ml. 

The present method as well as the one suggested by Crismer 
depends on the use of the Pulfrich photometer (stufenphotometer) 
and consequently shares the advantages and drawbacks arising 
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from using this apparatus. The accuracy obtainable in this 
colorimeter is within about 1 to 2 per cent when a suitable depth 
of liquid is used. The practice of working with a 2 cm. cell 
throughout should be avoided, as considerable error is thereby 
introduced. Such a depth of cell is selected that the extinction 
lies between 0.25 and 0.60; measurement of E values above 0.70 
and below 0.15 should be avoided as far as possible. In case of 
very dilute solutions one may have to work at extinctions near 
or below 0.15, but the accuracy will naturally suffer. The change 
of cells is not a serious inconvenience, and with experience the 
proper size can be selected without previous trial. 


TaBLe I 


Nitrogen Determination in Solution of Ammonium Chloride 





N per 1 ml. E measured | Depth of layer |N found peri ml.| Deviation 
Y | cm. 7 per cent 
19.30 0.401 0.5 19.65 —1.8 
14.47 0.594 1 14.55 —0.55 
10.85 0.446 I 10.95 —0.9 
8.14 0.325 | 1 7% | +42.2 
6.10 | 0.499 | 2 6.11 | —0.2 
4.58 0.372 2 4.56 +0.4 
3.43 0.282 2 | 3.45 —0.6 
2.57 0.519 5 2.54 +1.2 
1.93 0.392 5 1.92 +0.5 
1.45 | 0.298 5 1.46 —0.7 
5 1.12 —3.2 


1.085 0.229 


The standard value found, 24.5 y (see above), may, of course, 
be used, but we advise workers who use our method to prepare 
their own standards, since the value may possibly vary somewhat 
with other chemicals and with individual filters. Incidentally, 
the extinction of the isopropyl ether extract of the blank with 
twice distillled water was about 0.01 per 1 em. 

Ordinary ethyl ether may be employed if great care is exercised. 
The lower vapor pressure of isopropyl ether and especially the 
lower mutual solubility of this compound and water make it 
superior to ordinary ether. The increased expense is no serious 
objection, as the amount used is small, and the solvent may be 
reclaimed. Syringes for transferring the solution from one vessel 
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to another are indispensable in order to obtain accuracy whenever 
highly volatile solvents are being used, and all burettes, absorp- 
tion cells, etc., must, of course, be closed at once. 

Although the blue color of the Berthelot-Thomas test is very 
labile—Borsook (1935) states that it fades 10 to 15 per cent in 
1 hour—the red dye in the thymol-hypobromite test is quite 
stable. Leaving a solution at room temperature for a week in a 
glass-stoppered bottle did not have any measurable effect on its 
extinction. The serious inconvenience of timing with minute 
exactness is thus eliminated. 


DISCUSSION 


When the two colorimetric methods, Berthelot-Thomas and the 
present suggested procedure, are compared, it is found that the 
extinctions obtained in the two cases, after being brought to 
an equal basis, e.g. calculated per 1 cm. depth, per y of nitro- 
gen, and per | ml. of solution as present in the absorption cell, are 
approximately equal. According to Crismer 19.05 y of nitrogen 
xX 2 X 3 per 1 ml. in the absorption cell give in the 2 em. cell 
E = 0.5, or Eyem. per y of N per 1 ml. in the cell = 0.0394. The 
corresponding figure for the thymol-hypobromite process is 
0.0408. The new method is no less sensitive. 

A working sample of 5 ml. has been recommended, but less can 
be used, e.g. 2.5 ml., as the “small” absorption cell needs only 
about 2.5 ml. for the 5 cm. depth. The amounts of thymolate, 
hypobromite, and isopropyl ether must in that case of course also 
be halved. Because of the extraction of the color the method 
here described is more elastic than other forms of colorimetric 
. ammonia determination; the color may not only be diluted, as in 
| other procedures, but it may even be concentrated by evaporation 
‘&§ of the solvent. 
| If 2 y of ammonia nitrogen are present in 5 ml., the extinction 
‘Fg observed in a 5 cm. cell is 0.082. With this type of cell the lower 
limit for the analysis is consequently around 2 to 3 y of nitrogen 
ina 5dml.sample. As already mentioned, the accuracy decreases 
very much for extinctions below 0.15. 
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SUMMARY 


. A simple semimicromethod for the estimation of ammonia is 
‘4 described. Quantities ranging from 20 to 0.5 y of ammonia 
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nitrogen per ml. may be determined, with an error of about 1 to 
2 per cent. The method is as sensitive as the procedure based on 
the Berthelot-Thomas reaction, described by Van Slyke and Hiller 
and modified by Crismer. 

When ammonia reacts with thymol and hypobromite, a colored 
compound is formed which dissolves in isopropyl ether, forming 
a red solution which can be used for a colorimetric determination. 
The color is stable, does not flocculate, or bleach. No carefully 
titrated standard solutions are needed. The use of inconstant 
hypochlorite solutions is avoided. The reagents do not need 
meticulous filtration. With the exception of a Pulfrich photom- 
eter no special equipment is needed. 
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COMPARISON OF VITAMINS A AND A, BY DISTILLATION* 


By E. LeB. GRAY 
(From the Laboratories of Distillation Products, Inc., Rochester, New York) 


(Received for publication, July 10, 1939) 


Lederer and Rosanova (1) have shown that liver oils from Rus- 
sian fresh water fish contain a substance having an ultraviolet 
absorption band with a maximum at 350 my, and a secondary band 
at 285 my. Antimony trichloride reacts with the substance, giv- 
ing a blue color with an absorption maximum at 690 my, sometimes 
accompanied by a secondary maximum at 645 my. Wald (2) 
has shown that the substance plays the same rdéle in the retina of 
fresh water fish as does vitamin A in marine fish. Furthermore, 
Gillam et al. (3) have demonstrated that this new chromogen has 
vitamin A activity and established the now generally accepted 
name of vitamin Az. These workers conclude from the absorption 
data that vitamin A; contains six conjugate double bonds, and 
they offer two formulas for consideration. 


CH, CH, 
4 
C 


” ais S 
(1) CH, C—CH=CH—C=CH-—-CH=CH--C=CH-—CH,OH 


CH; CH; 
| 
CH C—-CH,; 


* Communication No. 8 from the Laboratories of Distillation Products, 


Inc. 
The material in this paper was presented before the Biological Division 
at the spring meeting of the American Chemical Society at Baltimore, 1939. 
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They feel that Formula 2 is correct for the following reasons. 
(1) Vitamin A; upon analysis gave no a,a-dimethylsuccinic acid, 
but only geronic acid. Furthermore, the amount of geronic acid 
obtained was comparable to that given by an equivalent amount 
of vitamin A. (2) Upon treatment with aluminum tertiary 
butoxide, a ketone was produced, the p-chlorophenylhydrazone of 
which suggested the ketone C.;H;,O, derived from an alcohol hav- 
ing 22 carbon atoms; i.e., Formula 2. The data calculated from 
the hydrazones of the ketones derived from Formulas 1 and 2, 
together with the values actually obtained, are as follows: 


. | Calculated for Cs;H3sO0N;2Cl. C 76.4, H 7.8, N 5.6 
™ * CyoHyON.Cl. ‘“ 75.8, “ 7.4, “ 5.9 
Found. Te" Ta ae 


Von Euler, Karrer, and Solmssen (4), in a study on the hom- , 
ologues of vitamin A, expressed doubt of the identity of vitamin 
A; with the compound represented by Formula 2, 8-apo-5-caro- 
tenol. They based their conclusions mainly on a study of the ab- 
sorption spectra. In a more recent publication, Karrer ef al. 
(5) again have expressed doubt as to their identity. Recently 
Morton and Creed (6) have shown that some fresh water fish can 
convert carotene to vitamin Ag. 

Formula 2 for vitamin A¢ differs from Formula 1, and from that 
for vitamin A, by 2 carbon atoms. Comparison of the molecular 
id distillation characteristics of vitamins A and A, promises to supply 
. useful information on this point. If the compounds are homol- 
7 ogous, the temperatures of the elimination maxima (7) should be 
separated by 9-10°; if they differ only in the degree of saturation, 
that is by 2 hydrogen atoms, the maxima should be separated by 
considerably less. 

The comparison should be made in a single distillation of both 
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vitamins to avoid many of the errors inherent in separate examina- 
tions. Atlantic salmon (Salmo salar) liver oil was selected as a 
convenient source of the two vitamins. 


EXPERIMENTAL 


Approximately 10 pounds of Atlantic salmon livers were run 
through a meat grinder and then placed in 95 per cent alcohol 
about 1 liter of aleohol per kilo of tissue being used. After stand_ 
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Fic. 1. Atlantic salmon (Salmo salar) liver oil. Ultraviolet absorption 
eurve (concentration in chloroform = 0.106 per cent) EZ (328 my) = 9.15 
and E (350 my) = 8.58. Blue color transmission curve (concentration 
= 0.0177 per cent) E (620 mg) = 14.3 and E (690 mz) = 5.83. The extinc- 
tion coefficient, Ee or E, is the optical density at the designated wave- 
length calculated to a 1 per cent solution ina lcm. cell. The optical den- 
sity fs the logarithm of the ratio of 100 to the per cent transmittance. 


ing for 15 hours, the mass was heated to 60° and filtered. The 
filtrate was concentrated to a watery residue, and then completely 
extracted with ether. The ether extracts were combined, con- 
centrated, and treated cautiously with a saturated solution of 
sodium carbonate. The concentrate was washed again with the 
carbonate solution and finally with 10 per cent sodium hydroxide 
solution. It was then washed free of soaps. After the remaining 
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ether was removed, 175 gm. of a red oil were obtained, having an 
extinction coefficient at 328 my of 10. The ultraviolet absorption 
curve and blue color transmission curve are given in Fig. 1. 

150 gm. of this oil were saponified with alcoholic KOH. The 
unsaponifiable matter, recovered from ether solution, was dis- 
solved in a warm mixture of 50 cc. of constant yield oil and 115 
ce. of distilled residue oil. When the solution was cooled to room 
temperature, cholesterol separated again and was filtered off. 
The filtrate was added to the cyclic still and washed in with an 
additional 25 cc. of residue, and then thoroughly degassed. It 
was next distilled under molecular conditions by the analytical 


TABLE | 
Distillation Data for Atlantic Salmon (Salmo salar) Liver Oil 














| 
Poagion | Temper | eo | mom | Vesa | Seige | Meghe | Em 
—EE —ES EEE = ———EEEeE eee 
A r ci gm. ~ \~ 

o | | 8.8 | 3.3 | | 0.38 
3 | 100 | 27.5 | 10.5 | 2.45 67.4 | 25.7 | 0.38 
4 | no | 49.1 | 17.5 | 2.70 | 132.4 | 47.3 | 0.36 
5 | 120 | 71.1 | 30.6 | 3.05 | 217.0 | 93.5 | 0.43 
6 | 130 | 70.4 | 31.7 | 3.75 | 264.0 | 119.0 | 0.45 
7 | 140 | 46.3 | 23.0 | 4.60 | 213.0 | 105.8 | 0.50 
8 | 150 | 304 | 136 | 5.50 | 167.2 | 74.8 | 0.45 
9 | 160 | 18.8 | 7.9 | 6.15 | 115.7 | 48.6 | 0.42 
10 | 170 | 11.7 | 42 | 6.25 | 73.2 | 26.2 | 0.36 








technique (8, 9), at 10° temperature intervals. The absorption 
spectra in the ultraviolet region and for the antimony trichloride 
reaction product were determined for each fraction. The blue 
color spectra were measured in a General Electric recording spec- 
trophotometer of the Hardy (10) design. The blue color waxed 
and waned so rapidly that curves were recorded on two separate 
solutions of each sample, one to trace the whole curve, the other 
to find the minimum transmissions at 690 or 620 my at the moment 
of greatest opacity. The data are recorded in Table I, and the 
curves are shown in Figs. 2 and 3. 

The distillation of salmon liver oil described above provided 


! A high boiling fraction, free from vitamin A, obtained from a complete 
distillation of a fish oil. 
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elimination curves of both vitamins A and Ag, in a single experi- 
ment. It was thought desirable to repeat the measurement with 
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1 each vitamin separately, the elimination maxima of each being 


e compared with celanthrene red. This would serve as a check 
and would reduce the inaccuracy arising from the mutual obscura- 
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tion of the absorption curves at 620 and 690 my when the mixed 
vitamins are treated with antimony trichloride. 
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The check distillations were made on the liver oil of wall-eyed 
pike (Stizostedion vitreum) for vitamin Ag, and on pollack liver oil 
for vitamin A. The pollack oil was a commercial sample; the 
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pike oil, 3.63 gm., was obtained from 113.6 gm. of moist livers.? 
The blue color formed from the pike oil with SbCl, had an extinc- 
tion coefficient at 690 my of 45; and the transmission curves to- 
gether with the ultraviolet absorption of the untreated oil are 
shown in Fig. 4. The oil was saponified and distilled analytically 
with celanthrene red. The transmission curves of the blue color 
formed from SbCl; for each fraction are shown in Fig. 5. 
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Fic. 4. Wall-eyed pike (Stizostedion vitreum) liver oil. Ultraviolet 
absorption curve (concentration in absolute ethyl aleohol = 0.102 per cent) 
E (328 mu) = 15.1 and E (350 mg) = 16.1. Blue color transmission curve 
(concentration = 0.0155 per cent) E (635 my) = 33.5 and E (690 mz) 
= 45.0. 


Elimination Maxima of Vitamins A and A; 


The elimination curves of the two substances were plotted in 
accordance with the general technique of this laboratory (7, 8). 
Only the relative amounts of vitamin were calculated, as the rela- 
tive behavior of the two upon molecular distillation is of sole im- 
portance in obtaining information concerning the relationship of 
vitamin A to vitamin Ay. The relative yields in each fraction were 
taken to be the extinction coefficients at 620 and 690 my multiplied 
by the weight of the fraction. 


* The livers were furnished through the kindness of Mr. 8. M. Cowden, 
Superintendent of Fish Culture, New York State Conservation De- 
* partment. 
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Comparison of Vitamins A and A; 


In Fig. 6 the relative yield of vitamin from salmon liver oil is 
plotted against the temperature. For ease of comparison, the 
ordinates of the two curves were plotted against different scales 


to bring the maxima to the same height. 


The two resulting curves 


are identical in shape, while their maxima differ by 3°. 
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The elimination curves of vitamin A as compared to vitamin A, 
from wall-eyed pike liver oil are given in Fig. 7. The method of 


comparison in this case is slightly different. 


Each vitamin is 


compared to the pilot dye which was distilled at the same time as 


the vitamin. 


The results, however, show that the two elimination ~ 
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maxima are 3° apart, that of vitamin A, coinciding with celan- 
threne red, while that of vitamin A falls 3° lower than the dye. 
The 3° difference in maxima presumably represents some small 
alteration in the molecules, such as an additional double bond or 
possibly a structural rearrangement. It is considered that the 
error in the comparison of data from separate distillations is less 
than +1°. When the comparison is made of data from the same 
distillation, the experimental error is even smaller. The pos- 
sibility that the two compounds differ by 2 carbon atoms seems 
to be excluded, since comparison of the maxima determined for a 
homologous series of anthraquinone dyes (7) has shown that the 
addition of two CH, groups to a compound evaporating in the same 
temperature range as vitamin A raises its elimination maximum 
approximately 10°. With the present development of the tech- 
nique, separation of the two compounds by molecular distillation, 
while theoretically possible, is not yet practical. 


SUMMARY 


The temperature of the elimination maximum of vitamin A, 
is only 3° above that of vitamin A. This indicates that the mole- 
cules of the two vitamins contain the same number of carbon 
atoms. 


The author wishes to thank K. C. D. Hickman for suggestions 
and advice and N. D. Embree and his assistants for the measure- 
ment of the absorption spectra. 
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THE ISOLATION OF VITAMIN K;* 
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In recent publications (MacCorquodale, Binkley, McKee, 
Thayer, and Doisy, 1939; McKee et al., 1939) we have reported 
the isolation of two different substances, both active in the restora- 
tion of the blood coagulation time of chicks which have been 
maintained on a diet deficient in vitamin K. In our earlier work 
we used alfalfa as a source of vitamin K, but owing to the difficulty 
of separating the vitamin from the other lipid-soluble substances 
decided upon an examination of other possible sources from which 
the vitamin might be more easily obtained. In the course of this 
survey several products were examined but we soon came to the 
conclusion that the most practicable source of those studied is 
putrefied fish meal. 

Perhaps the first indication of the presence of vitamin K in fish 
meal is found in the work of McFarlane et al. (1931). These 
investigators reported that chicks on a diet containing fish meal 
which had been extracted with ether showed a hemorrhagic con- 
dition and a greatly prolonged coagulation time for the blood. 
If the extraction of the fish meal was omitted, these symptoms 
did not develop. Subsequently, Almquist and Stokstad (1935) 
showed that rice bran, fish meal, and certain other foods, on stand- 
ing in a moist condition, became potent in an antihemorrhagic 


* We are happy to acknowledge our indebtedness to Parke, Davis and 
Company, Detroit, and particularly to its Scientific Director, Dr. Oliver 
Kamm, for assistance in many phases of this investigation. Moreover, we 
appreciate the valuable collaboration of Professor D. T. Ewing of Michigan 
State College, East Lansing, who has conducted the ultraviolet absorption 
studies referred to in this and in our previous publications. 
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factor, due probably to the action of microorganisms. The defi- 
ciency has been produced in chicks on diets in which the protein 
was supplied by fish meal, meat scraps, or commercial casein from 
certain sources; however, the same substances of different origins 
may afford protection. Extraction of these materials with ether 
removes a water-insoluble substance which affords protection 
against the deficiency produced on the basal diet. 

Osterberg (1938) reported that rather large amounts of an anti- 
hemorrhagic substance were produced by bacterial putrefaction 
of fish meal. Soon after this, Almquist, Pentler, and Mecchi 
(1938) reported that a large number of different bacteria, including 
Bacillus coli, were able to synthesize an antihemorrhagic mate- 
rial. Moreover, Almquist and Stokstad (1936) have shown that 
the fecal matter of chicks receiving a vitamin K-deficient diet 
contains a rather large amount of an ether-extractable clotting 
factor. The inclusion in the diet of an ether extract of the drop- 
pings at a level equivalent to 8 per cent of dry droppings prevented 
the appearance of hemorrhage in the chicks. The amount of this 
factor could be increased by allowing the feces to stand 24 hours 
in a moist condition. Apparently, this antihemorrhagic compound 
is synthesized by bacteria in the lower portions of the intestinal 
tract. 


EXPERIMENTAL 


Table I contains data on the amounts of solids and of vitamin K 
found in the extracts of alfalfa, putrefied fish meal, and feces from 
several species. From the standpoint of potency of the source 
material and the potency of the extracted solids the fish meal 
seemed to be the most satisfactory. Consequently, putrefaction 
was undertaken on a scale sufficiently large to permit the isolation 
of the vitamin. It was hoped that the purification of the extracts 
which are not so highly pigmented as those from alfalfa might 
facilitate the isolation of the antihemorrhagic vitamin. 

Putrefaction—A study of the optimum conditions for putrefac- 
tion showed that either tap or distilled water might be used for 
wetting the fish meal. Inoculation of the meal with chick feces 
did not enhance the production of the vitamin (Table II). In- 
cubation at 32-40° and the daily addition of water, previously 
warmed to about 40°, gave satisfactory conditions for rapid 
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putrefaction. Racks in a large, well ventilated hood were used 
for supporting the boxes of putrefying fish meal. Adequate 
ventilation during the whole process was necessary to carry away 
the ammonia and volatile amines which caused a most putrid 
odor. 

Commercial sardine meal (15 to 20 pounds at a time) was ex- 
tracted in a large copper Soxhlet apparatus for 12 to 18 hours with 
isopropyl ether to remove the natural lipids which otherwise 


TaBLe | 
Vitamin K in Alfalfa, Putrefied Fish Meal, and Various Kinds of Feces 





Potency of 2s Potency of 
starti Solids in ° 





: | Amount | ; 

Material extracted | entenated | o—_ | —S 

aon. | mse | om. | =ipge 

Alfalfa......... » 40; 10.4 1.45 | 0.286 
Fish meal (second, and following 

putrefaction) . .......| 848,424 30.5 1393.69 7.625 

Horse feces Fi sabia 21 3.8 0.48 0.168 

Ee er eee me 30 4.1 0.43 | 0.333 

Sheep feces. “ine sok eileewiae 30 10.0 1.25 0.240 

ow Seceseeseeeese-| 45,000} 9.4 | 423.00 | 1.000 

DS a cos cs nd see ees aeeeen 30 3.3 2.99 | 0.033 

Human feces (one stool).......... 20 10.0 1.00 | 0.200 





In this and subsequent tables and all places in the text the term 
“unit” refers to our standard unit of vitamin K. The number of units 
is obtained by a comparison with a standard alfalfa preparation (Proc. 
Soc. Exp. Biol. and Med., 40, 478 (1939)). 

* Extracted for us by Parke, Davis and Company. 


would be obtained in the vitamin extract after putrefaction. 
The extracted meal was air-dried for a few hours and, after being 
completely freed of solvent, placed in a layer 14 to 2 inches in 
depth in large flat cardboard boxes. It was thoroughly moistened 
with water, 14 liters per kilo of meal being used. Incubation 
was carried out at a temperature of 32-40° for from 2 to 3 weeks 
with daily moistening (about 200 ce. of water per kilo). 
Although the peak of vitamin production probably is not reached 
until the end of 3 weeks, a plateau in the rate of production starts 
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after about 15 days of putrefaction and a rapid destruction of the 
vitamin commences 5 or 6 days later (Table II). Therefore, it 
seemed advantageous to discontinue the putrefaction before loss 
of the vitamin began. The meal was dried and extracted with 
petroleum ether. Subsequent putrefaction of this meal produced 


Taste II 
Optimum Conditions for Putrefaction 





| Time for | ea 

Fish mea! moistened daily at 32-40° a | oom. ay or - of 
extracted) | 
daye eh unite per | em. — 
Tap water i | IL =| 0.334 | 0.987 
es 0.445 | 1.010 
2 | 22 0.504 | 1.310 
25 | 26 | 0.582 | 1.340 
30 | 8 | 0.491 | 0.489 
Distilled H,O | 10 | 5 | 0.280 | 0.518 
we Pe 8 | 0.451 | 0.400 
19 11 0.642 0.514 
22 CO 7 0.409 | 0.513 
Tap water 10 | WW | 0.327 | 1.010 
15 | 16 0.488 | 0.983 
19 16 0.479 | 1.003 
22 5 | 0.4385 0.345 
Distilled H,O; inoculated with 1% 10 7 | 0.396 | 0.552 
chick feces 15 7 | 0.4384 | 0.484 
19 9 | 0.536 | 0.504 
22 4 | 0.482 | 0.249 
Tap water; inoculated with 1% 10 7 | 0.428 | 0.490 
chick feces 15 10 0.619 | 0.485 
| 19 7 0.442 | 0.476 
22 8 


0.485 | 0.495 


an additional quantity of the vitamin; in fact, such extracts usually 
contained more vitamin and were 4 or 5 times more potent than 
the extracts from the first putrefactive process. Putrefying the 
fish meal as many as five or six times proved very much worth 
while. The maximum yields obtained were 35 and 50 units 
(Thayer, McKee, Binkley, MacCorquodale, and Doisy, 1939, a) 
per gm. for fish meal putrefied once and twice, respectively. After 
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the second putrefaction the total amount of vitamin gradually 
declined with additional putrefactions; however, the purity re- 
mained fairly constant or increased slightly (Table III). For 
example, after the first putrefaction fish meal yields extracts 
containing 1 unit per 500 to 1500 micrograms of solids, as 
compared to i unit per 150 to 250 micrograms of solids after addi- 
tional putrefactions. These extracts, as shown in this paper, must 
be concentrated from 100 to 1000 times in order to obtain the 
pure vitamin Ks, which has an activity of approximately 1 unit 
per 1.5 micrograms (Thayer, McKee, Binkley, MacCorquodale, 
and Doisy, 1939, b). 


Tasie III 
V itamin Production by Repeated Putrefactions 








| Weight of | | Weems of of 
h meal 





‘ meal Potenc of | Solids i of 

Order of putrefaction ae : | << | putrefied | oan | soli 
» tion | | | 

iatabsiethectalinstetaial misntih secetelcbenthintlt chitin Aiameettimctehttilnhibiieelinn 

| gm. gm. | ba Nau | gm. wher 
Ist 41,020 | 26,427 14.3 | 378.450 1.0 
2nd | 26,427 | 22,660 29.2 132.620 5.0 
3rd 22,660 | 21,715 13.0 56.250 5.0 
NE eto an dais eaikae ian 21,715 20,500 | 7.5 22.950 6.7 
en re een | 20,500 | 19,515 | 10.1 | 29.680| 6.7 











Extraction—After the period of putrefaction, the addition of 
water was discontinued and the fish meal thoroughly dried by 
maintaining the putrefaction temperature for 6 or 7 days, and by 
occasionally turning the meal. The large chunks of tough putre- 
fied material were then pulverized in a large iron mortar and finely 
ground with a high speed coffee mill under a well ventilated hood. 
This material was then placed in small cloth sacks and extracted 
in a large percolator for 12 to 18 hours with high boiling petroleum 
ether (90-105°). For example, twenty sacks containing 8000 gm. 
of finely ground putrefied material were extracted with 9000 cc. 
of petroleum ether for 12 hours.' The petroleum ether was s then 
removed from the extract by vacuum distillation. 


! By experimental methods, it was found that an extraction period of 12 
hours is adequate to remove the vitamin. 
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Purification of Extracts; Adsorbents—Early in our work chroma- 
tographic adsorption was recognized as a possible tool in the 
purification of this vitamin, since it had been used successfully 
by Brockmann (1936) for the isolation of vitamin D;. In order 
to make use of adsorbents for such an isolation it is essential to 
find an adsorbent which will not react with the vitamin, but will 
quantitatively adsorb and allow a selective elution, and one which 
is inexpensive and easily obtainable. 

Although CaCO;, CaSO,, and sucrose had been used for puri- 
fying vitamin K, (Dam and Sch¢gnheyder, 1936), these adsorbents 
were of little value to us for a rapid and successful isolation of this 
vitamin. Aluminum oxide, Merck’s aluminum hydroxide, alumi- 
num hydroxide type A (Willstatter), fullers’ earth, magnesium 
oxide, several charcoals, and varying amounts of hydroquinone 
added to certain of these adsorbents were tried without success. 
Since previous work with extracts of alfalfa had shown that 
permutit® and decalso were very satisfactory for the purification 
of vitamin K,, we undertook the study of these adsorbents for the 
purification of the fish meal vitamin. Although both decalso 
and permutit were used successfully, the former was found to 
hold the vitamin less firmly than the latter, thereby allowing it 
to be eluted before the release of most of the impurities. How- 
ever, the more strongly adsorbing permutit, being less alkaline, 
proved a better adsorbent for the purification of more potent 
preparations. Aluminum oxide, from which the alkali had been 
removed by washing with acetic acid, and darco were tried un- 
successfully for the last steps in the purification. 

Adsorption Columns—Glass columns of three different sizes are 
used: “large,’’ 106 X 10 cm.; “medium,” 70 X 5 em.; and “small,” 
76 X 2cm. The large column, containing 2900 gm. of decalso, 
is used for the first adsorption, the medium sized column, con- 
taining 450 gm. of permutit, for the second adsorption, and the 
small, filled with 110 gm. of permutit, for later adsorptions. 
These columns consist of Pyrex glass cylinders with glass tubes 
10 X 1.25 em. sealed to the lower ends in such a manner that 
flanges were produced for supporting small perforated porcelain 
plates. 


* We appreciate the assistance of The Permutit Company, New York. 
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These columns are prepared for use by placing them in a verti- 
cal position and covering the removable perforated plate in the 
bottom with a layer of cotton. The adsorbent is then carefully 
poured in with the aid of a funnel, so that it will fall in the center 
of the column and roll evenly to the outside. When the desired 
amount of adsorbent has been poured into the column, the latter 
is tapped lightly and the smoothed surface of the adsorbent pro- 
tected with a layer of cotton held in place by glass rods. 

Solvents—In general, three different groups of solvents are used: 
(1) high boiling petroleum ether and 10 per cent benzene in petro- 
leum ether for “developing” the column, (2) 15 and 20 per cent 
benzene in petroleum ether for eluting the vitamin, and (3) a 
mixture of benzene and petroleum ether (1:1), benzene, and ace- 
tone for removing the impurities and preparing the adsorbent 
for further use. 

Adsorption Technique—The extracted material is dissolved in 
enough petroleum ether to make a 3 to 5 per cent solution of solids. 
This solution is poured into a large column filled with decalso and 
developed by washing with petroleum ether. After the various 
pigments have separated into definite layers, the vitamin is eluted 
with the 20 per cent benzene. Since appreciable quantities of 
other materials are not eluted simultaneously, it is possible to 
separate the elution solvents into fractions, thereby obtaining the 
main portion of the vitamin in the first three or four fractions in a 
relatively high degree of purity. To remove any remaining vita- 
min the column is washed with either 50 per cent benzene in 
petroleum ether or with undiluted benzene. This process com- 
pletely removes all of the vitamin, with, of course, larger amounts 
of impurities. The bulk of the inactive material, however, re- 
mains on the adsorbent, but it can be removed completely by 
washing the column with acetone. The adsorbent, after being 
removed and air-dried for 24 to 48 hours, is ready for further use. 
Adsorbents treated in this manner can be used a number of times 
with satisfactory results. 

In order to purify the vitamin to the crystalline stage, further 
adsorptions are carried out in a similar manner with the medium 
and small permutit columns and the various elution solvents. 

By careful observation of the movements of the various colored 
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layers in the columns and by proper fractionation of the solvents, 
a fairly pure product can be obtained, especially when extracts 
of reputrefied fish meal are used. When extracts of fish meal sub- 
jected to putrefaction for the first time are being purified three or 
four adsorptions are often necessary in order to obtain a product 
sufficiently pure for recrystallization (Table V). 

Recrystallizations—Vitamin, obtained by the method outlined 
above and then recrystallized several times from mixtures of 
absolute ethyl alcohol and low boiling petroleum ether (30-60°), 
ethyl alcohol and acetone and then pure acetone, and low boiling * 
petroleum ether, yields light yellow microcrystals. These fine 
crystals tend to clump and come out of solution as large balls, 
making it difficult to produce small enough groups of crystals to 
effect a good purification. Subsequently, it was found that crys- 
tallization from a mixture of CHCl; and CH;OH (1:1) gave a 
satisfactory product after two recrystallizations. 

The extreme instability of the vitamin to light is the most diffi- 
cult problem with which we had to cope (MacCorquodale, Binkley, 
McKee, Thayer, and Doisy, 1939). Especially during the last 
steps of purification, when the vitamin is in a highly purified con- 
dition, it is necessary to protect the product as much as possible 
from both sunlight and artificial illumination. Therefore, the 
filtrations are carried out as rapidly as possible in diffuse light 
and the solutions are kept in black covered containers during the 
crystallization. 


Isolation Procedure 


In order to give sufficient information to enable other investiga- 
tors to prepare crystalline vitamin Ke, a detailed account of our 
process will be presented. The following procedure is satisfactory 
for use with extracts of fish meal which has been subjected to two 
or more putrefactions. If extracts from the first putrefaction 
are used, similar fractionations are carried out (Tables IV and V) 
but additional adsorptions on permutit are necessary. The follow- 
ing experiment is typical of the process used for the isolation of the 
vitamin. 

A petroleum ether extract (2000 cc.) obtained from 25,000 gm. 
of reputrefied fish meal, containing 125 gm. of solids and 715,000 
units (5.7 units per mg.), was poured into a large column of de- 
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Fractionation of Extract from First Putrefaction 


Extract from 20,125 gm. of putrefied fish meal, 141 gm. of solids, 140,000 
units, 1. 0 unit per mg., purified with a large co column of decalso. 





Fraction 
No. | 


5aP 
5aP20a 


5aP20b — 


5aP20c 


5aP20d — 


5aP20e 


5aP50 | 50% benzene, 50% | 


5aA 


Solvent 


Petroleum ether 


20% benzene, 80% 


petroleum ether 


Same 


oe 
| ‘é 
| petroleum ether 
_ Acetone 


























Assay 
Volume | Solidsin | —- —- 
of ~ 294 fraction Total unit units oe 
ela gm. rhe 4 ae ts 
12 3.40 | Inactive 
| 8 2.42 | 120,000 | 49.6 
| 3 1.48 74,000 50.0 
| 3 1.15 | 57 ,000 50.0 
3 0.85 | <2,000 <2.3 
3 0.45 | <500 | <1.1 
6 2.36 | <15,000 <6.3 
| 
| 10 | 136.00 | Inactive 
TABLE V 


Second Fractionation of Fractions 5aP20a, 5aP20b, and 5aP20c (Table IV) 


4.82 gm. of solids, 251,000 units, 52.1 units per mg., purified with a 
medium column of permutit. 














| 
= | Solvent Pp - J 
liters 
5bP | Petroleum ether 1 
5bP10 10% benzene, 90% 1 
| petroleum ether 
5bP15 15% benzene, 85% 2 
petroleum ether 
5bP20a | 20% benzene, 80% | 0.5 
petroleum ether 
5bP20b Same +0.5 
5bP20c ’ 0.5 
5bP20d y 0.5 
5bP20e e 0.5 
5bP20f ™ 0.5 
5bB Benzene 0.5 
5bA Acetone 1.2 








j 
Solids in | 
fraction 


esossss 


Assay 





Traction | me lid 








Inactive 
<75,000 <40.8 
33 ,000 66.3 
110,000 167.2 
130,000 223.4 
31,000 83.3 
Inactive | 
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calso and the column was developed with 12 liters of high boiling 
petroleum ether. The filtrate and washings contained 3.80 gm. 
of solids but no vitamin Ky. Elution was then effected with six 
3 liter portions of 20 per cent benzene in petroleum ether. At 
least 95 per cent of the vitamin was present in the first two frac- 
tions (4.21 gm., potency 167 units per mg.), thus giving a 30-fold 
purification (Table VI). The column was then washed with 8 
liters of benzene, which removed 6.05 gm. of solids but only a very 
small amount of vitamin. The column was next washed with 


TaBLe VI 
Fractionation of Extract from Second Putrefaction 
Extract from 25,000 gm. of fish meal putrefied a second time, 125 gm. of 
solids, 715,000 units, 5.7 units per mg., purified with a large column of 
decalso. 


Assay 


Fracti Vol Solids i i 
= Solvent of seems ee ty Total units Units 
| in fraction mg. solids 
= —_ — = . 
| liters gm. 
3aP Petroleum ether 14 3.80 Inactive 
3aP20a | 20% benzene, 80% 3 | 3.08 | 560,000 182.0 


| petroleum ether | 





3aP20b | Same 3 1.13 , 140,000 107.0 
3aP20c a 3 0.61 <15,000 <25.0 
3aP20d | “ 3 0.32 <8,000 | <25.0 
3aP20e | “ 3 0.31 
3aP20f | “ 3 0.68 
3aB | Benzene 8 6.05 Inactive 

18 | 109.0 = 


3aA | Acetone 


18 liters of acetone to remove the remaining 109 gm. of inactive 
material. 

The next step used in the purification was a chromatographic 
adsorption on permutit. The first 20 per cent benzene fraction 
from the decalso adsorption (3.08 gm., 560,000 units) was distilled, 
then dissolved in 300 cc. of petroleum ether, and poured into a 
medium sized column of permutit. The column was developed 
with 700 cc. of petroleum ether; the combined filtrate and wash- 
ings contained 0.222 gm. of inactive material. The permutit 
was next washed with 3 liters of 10 per cent benzene in petroleum 
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ether; assays indicated the presence of only a small amount of 
vitamin. The major portion of the active factor was eluted with 
1 liter of petroleum ether containing 15 per cent benzene and 
1.5 liters containing 20 per cent benzene. When the solvents were 


Taste VII 
Second Fractionation of Fraction 3aP20a (Table V1) 


3.08 gm. of solids, 560,000 units, 182 units per mg., purified with a medium 
column of permutit. 


Assay 
Fract ion Solvent Volume Solids in 
No. of solvent fraction Total units Units per 
in fraction mg. solids 
liters gm. 
3bP Petroleum ether 1 0.222 <70,000* <315 
3bP10a 10% benzene, 90% 0.5 0.093 <30,000 <322 
petroleum ether 
3bP10b Same 0.5 0.188 < 60,000 <319 
3bP10c sas 0.5 0.291 <95,000 <326 
3bP10d ig 0.5 (). 228 <75,000 <329 
3bP10e <i 0.5 0.204 <65,000 <314 
3bPl5a 15% benzene, 85% 0.5 0.327 65,000 200 
petroleum ether 
3bP15b Same 0.5 0.536 268 , 000 500 
3bP20a 20% benzene, 80% 0.5 0.675 337 ,000 500 
petroleum ether 
3bP20b Same 0.5 0.444 222 000 500 
3bP20c ” 0.5 0.186 40,000 215 
3bB Benzene 0.5 0.137 23 , 000 168 
Total. ; : 955, 00OT 


* The first six fractions were not assayed at lower levels but other 
experiments have shown corresponding fractions to be almost completely 
inactive. 

+ This phenomenon of increasing amounts of activity during purification 
has been noted consistently. This apparent increase is from 25 to 100 per 
cent of the starting activity. 


collected in 500 ce. portions, about 90 per cent of the vitamin was 
found in the second 15 per cent and the first two 20 per cent 
benzene fractions; the vitamin potency was 500 units per mg. 
(Table VII). Benzene (500 cc.) removed the remaining traces of 
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vitamin. The adsorbent was cleaned and prepared for further use 
by thoroughly washing with acetone (3000 cc.) and then air-dry- 
ing for several days. 

The three most potent fractions obtained by this procedure, 
Fractions 3aP15b, 3aP20a, and 3aP20b, were combined. This 
active material was a dark yellow, viscous oil which solidified 
after standing overnight at —5°. After six recrystallizations 
from mixtures of ethyl alcohol and acetone (with increasing 
proportions of acetone), two recrystallizations from acetone, and 
two from low boiling petroleum ether, the vitamin crystallized 
in beautiful, light yellow, microcrystalline plates melting at 
52-53.5°. This crystalline vitamin K assayed approximately 


oad 


~s 
Fig. 1. Crystals of vitamin K,.. Magnification 210 x. The darker areas 
are clumps of crystals. M.p. 53.5-54.5°. When the melting point tube 
was removed from the bath after the crystals had melted, the vitamin 
promptly crystallized in the form shown in the photograph. 


; 
: 






pee 





v 


600 units per mg. (McKee et al., 1939). Fig. 1 is a reproduc- 
tion of a photograph of highly purified crystalline vitamin Ko, 
m.p. 53.5-54.5°. 


Chemistry of Vitamin Ke 


Evidence that this crystalline compound actually is a vitamin, 
and not an inactive compound upon which the vitamin is adsorbed, 
has been presented previously (McKee et al., 1939). More con- 
clusive evidence that this vitamin has been obtained in a pure 
form is found in the preparation of the diacetate of the dihydro 
derivative (Binkley, MacCorquodale, Thayer, and Doisy, 1939). 

Analysis of Vitamin K2—Qualitative analysis of the vitamin 

















Mckee, Binkley, Thayer, MaecCorquodale, 339 
and Doisy 


showed that nitrogen, sulfur, phosphorus, and halogens are ab- 
sent. Carbon and hydrogen were determined by the Pregl proce- 
dure, and the molecular weight by the Rast method. 


Found. C 84.61, 84.89, H 9.83, 9.87, mol. wt. (Rast) 575 
Caleulated for CyoHs,O2. C 84.74, H 9.61, mol. wt. 566 
” * CyosHsO2. ‘ 84.44, “ 9.93, *“ ** 568 


Hydrogenation—The method of Smith (1932), which was also 
used for the hydrogenation of vitamin Kk, (Binkley, MacCorquo- 
dale, Thayer, and Doisy, 1939), gave the following results. 


sine . Hydrogen uptake, standard Hydrogen per mole 
Amount of vitamin Ke eanditions vitamin Ke 
mg. ce. moles 
15.1 5.26 8.78 
12 4.37 8.67 


The yellow vitamin, after being catalytically hydrogenated, gave 
a colorless compound which, upon exposure to the air, was oxidized 
to a light yellow quinone. Upon hydrogenation of this light 
yellow compound, 0.96 mole of hydrogen was absorbed and the 
solution became colorless. Exposure of the colorless material to 
air again restored the light yellow color of the quinone. 

Hydrogenation® of a solution of the vitamin in ethyl alcohol at 
210° for 5 hours under a pressure of 250 atmospheres in the pres- 
ence of Raney’s nickel catalyst produced a colorless oil which 
distilled at 175° and 2 X 10 mm. pressure. This compound 
gave the following analyses. 


Found. C 81.31, 81.46, H 13.27, 13.54 
Caleulated for CyoHgoeOe. C 81.01, H 13.60 
- “© CysHrO2. ‘“* 81.29, ** 13.30 


An attempt was made to form a 3,5-dinitrobenzoate by heating 
the compound in pyridine solution with 3,5-dinitrobenzoyl 
chloride, but the entire material was recovered unchanged. 
Failure to react was probably due to steric hindrance. 


* This reduction was kindly performed for us by Dr. Homer Adkins of the 
University of Wisconsin. 








: 
| 
| 
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Halogenation—The halogen uptake of the diacetate of dihydro 
vitamin Ks. was determined by the Yasuda method (1931-32). 
The values indicate the presence of six double bonds in the side 
chains of vitamin Ke. 5.665, 4.339, and 4.491 mg. of the diac- 
etate of dihydro vitamin Ke, having iodine values of 236.3, 
238.2, and 234.7, took up 6.11, 6.15, and 6.07 moles of halogen, 
respectively. 

The Diacetate—The diacetate of dihydro vitamin Key was pre- 
pared by reductive acetylation in a manner similar to that used 
for preparing the diacetate of dihydro vitamin Kk, (Binkley, 
MacCorquodale, Thayer, and Doisy, 1939). The white amor- 
phous material can be readily purified by repeated crystallizations 
from cold absolute ethyl aleohol, methyl alcohol, and mixtures of 
acetone and methyl! aleohol or of low boiling petroleum ether and 
methyl aleohol. The snow-white crystalline diacetate melted 
at 56.5-57.5°. After cooling and _ solidifying the compound 
remelted sharply at the higher temperature of 59.5-60.0°.  Al- 
though the true explanation for this phenomenon is not known, the 
existence of two different forms of crystals is suggested. 

The following analyses were obtained for the diacetate of di- 
hydro vitamin Ko. 


Found. C 81.10, 81.07, H 9.60, 9.53, mol. wt. 634 
Caleulated for CyH¢eoO,. C 80.93, H 9.26, mol. wt. 652 
= * CuHeO,. ‘* 90.68, “* 9.54, * “<« 6s 


Catalytic hydrogenation of 16.0 mg. of the diacetate caused an 
uptake of 4.38 ec. of hydrogen, which is equivalent to 7.99 moles. 
This value corresponds well with the value of 9.0 moles for vitamin 
Ko. 

Ultraviolet Absorption—The ultraviolet absorption studies con- 
ducted by Professor D. T. Ewing show that vitamin Ke‘ dissolved 
in hexane has sharp maxima at 243, 249, 260, and 270 my and a 
broad but less intense band in the region of 310 to 340 mu. At 
249 mu the extinction coefficient E}%, = 305. Prolonged expo- 
sure to daylight produced destruction of the potency of the vita- 
min and radical changes in the absorption curve. 


* The specimen used for this determination melted at 50.5-52°. Since 
our later work has produced specimens with a higher melting point (53.5- 
54.5°), it is probable that the extinction coefficient reported is a little 


too low. 
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Hexadecahydro vitamin Ke produced by catalytic hydrogenation 
followed by oxidation of the hydroquinone to the quinone has an 
absorption curve differing from that of vitamin K,. The maxima 
at 260 and 270 mu persist but the others have been lost. At 270 
my the extinction coefficient E}%, = 220. 

The ultraviolet absorption of the diacetate of dihydro vitamin 
Ky is similar to that of the diacetate of dihydro vitamin K,, 
showing general absorption in the region from 220 to beyond 300 
my, with intense absorption at 232 mu. At 232 muy, the extine- 
tion coefficient E}%,, = 1300. 

Vitamin K¢ is partially destroyed by distillation at 2 X 10-* mm. 
pressure and temperatures up to 200°. Treatment of an acetone 
solution of the vitamin with potassium permanganate caused 
rapid oxidation and destruction. The vitamin does not react 
with maleic anhydride, desoxycholic acid, hydroxylamine, or 
semicarbazide. In a 2dm. tube, a 1 per cent solution of the vita- 
min in absolute alcohol did not rotate the plane of poldtized light 
(sodium vapor lamp). 

Structure of Vitamin K:—The characteristic yellow color of 
vitamins K,; and Ke, the disappearance of color upon hydroge- 
nation, the return to a yellow state following exposure to air 
with a subsequent uptake of 1 mole of hydrogen, and the ultra- 
violet absorption suggested (McKee et al., 1939) that these two 
naturally occurring vitamins belong to the series of 1 ,4-naph- 
thoquinones. This seems fairly conclusive since 1 ,4-naphtho- 
quinone and its derivatives have vitamin K activity, whereas 
1,2-naphthoquinone and its derivatives exhibit no activity. 
The actual isolation of phthalic acid from the chromic acid oxida- 
tion products of vitamin K, makes it conclusive that the naph- 
thoquinone structure is present in that molecule (MacCorquodale, 
Binkley, Thayer, and Doisy, 1939). The similarity between 
vitamins K, and K, with respect to physical and chemical proper- 
ties and physiological action makes it quite probable that vitamin 
K; also contains the 1 ,4-naphthoquinone structure. 

Since vitamin K, gives no color reaction with ethyl cyanoace- 
tate (Craven, 1931), it is probable that the vitamin is a 2 ,3-disub- 
stituted naphthoquinone. This test seems very reliable, since 
it has been used with complete success in testing a number of 
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quinones, including a-tocopherylquinone, phenanthraquinone, 
thymoquinone, p-xyloquinone, 1,4-naphthoquinone, 1 ,2-naph- 
thoquinone, 2-methyl-1 ,4-naphthoquinone, 2-methyl-3-hydroxy- 
1,4-naphthoquinone, 2-bromo-3-methyl-1 ,4-naphthoquinone, 2- 
methyl-3-formyl-1 ,4-naphthoquinone, and vitamins K; and Kg. 

The fact that vitamin K, takes up 9 moles of hydrogen (3 for 
the naphthoquinone portion of the molecule) (McKee et al., 
1939) indicates that there are six double bonds in the non-quinone 
portion of the molecule. Since the vitamin showed no reaction 
with maleic anhydride in boiling xylol, it is probable that these 
double bonds are not conjugated. It is important in a study of the 
structure to ascertain whether these double bonds exist in benzene 
rings or in side chains. By use of a suitable micromethod for 
iodine number determinations, it was found that 6 molecules of 
halogen were added to the diacetate of dihydro vitamin Kg, 
indicating that aromatic rings are not present in the non-quinone 
portion of the molecule. 


DISCUSSION 


We believe that the preparation of a pure, stable crystalline 
derivative, the diacetate of dihydro vitamin Ke, having one- 
half the activity of the vitamin, offers conclusive proof of the 
isolation of vitamin K, from putrefied fish meal. 

From the evidence cited in the experimental part of this paper 
it seems probable that vitamin K, is a 2,3-disubstituted 1 ,4- 
naphthoquinone. Following our report (McKee et al., 1939) on 
the isolation of vitamins K, and K; in which we stated our belief 
in the quinonoid character of these vitamins a number of investi- 
gators have reported on the potencies of a number of simple syn- 
thetic quinones. In order that it may not appear that we over- 
looked the possibility of simple quinones possessing vitamin K 
activity, it may be stated that as soon as we were convinced of the 
quinonoid character, we promptly tested 1 ,4-naphthoquinone 
(which proved to be active) and began the preparation of 2- 
and 2,3-substituted 1,4-naphthoquinones. A rather large num- 
ber of substituted 1 ,4-naphthoquinones, both naturally occurring 
and synthetic, have been shown to exhibit vitamin K activity 
(Almquist and Klose, 1939, 6; Ansbacher and Fernholz, 1939; 
Fieser et al., 1939; and Thayer, Cheney, Binkley, MacCorquodale, 
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and Doisy, 1939). In connection with the putrefactive produc- 
tion of vitamin K, it is interesting to note that Anderson’s phthi- 
ocol from tubercle bacilli (Anderson and Newman, 1933) was 
found by Almquist and Klose (1939, a) to possess vitamin K 
activity. 

Although our analytical data are not adequate for us to decide 
definitely upon a formula for vitamin Ky, we have used CyoHO¢ in 
our calculations of hydrogen and halogen uptake. The CysHsoOo, 
CxeH202, CoH seO2, and CyeHss02 are not yet eliminated from con- 
sideration by our data. 

For the more important assays throughout the purification the 
quantitative 3 day assay method was used (Thayer, McKee, 
Binkley, MacCorquodale, and Doisy, 1939). However, almost 
from the beginning of the investigation a shorter period was used 
in order to speed up the isolation and to decrease the work of assay. 
In this method two or three chicks were employed at each level of 
dosage, the birds being given a single oral administration of the 
test material and the coagulation time determined 18 hours later. 
This modified procedure, which was used for the routine assay, 
gave satisfactory results and greatly enhanced a naturally slow 
biological technique. The dependability of our short period 
assay substantiates the earlier report of the successful use of 
a 6 hour method by Ansbacher (1938). 


SUMMARY 


By the use of decalso and permutit and by recrystallization 
from various solvents, vitamin K; has been isolated in a pure form, 
m.p. 53.5-54.5°, active at approximately 600 units per mg. 

The pure vitamin has been converted by reductive acetylation 
to the diacetate of dihydro vitamin Ke, m.p. 59.5-60.0°, with a 
potency of one-half that of the vitamin. 

Evidence has been presented to show that the vitamin is a 
2,3-disubstituted naphthoquinone with six double bonds in the 
side chains. 


We wish to acknowledge financial assistance from the Theelin 
Fund administered by the Committee on Grants for Research of 
St. Louis University. 
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THE ULTRAVIOLET ABSORPTION OF VITAMINS K,, 
K,, AND SOME RELATED COMPOUNDS 


By D. T. EWING, J. M. VANDENBELT,* ann OLIVER KAMM 


(From the Chemistry Department, Michigan State College, East Lansing, 
and the Research Laboratories of Parke, Davis and Company, Detroit) 


(Received for publication, August 24, 1939) 


The ultraviolet absorption spectra of vitamins K, from alfalfa 
and K; from putrefied fish meal, both of which were isolated by 
Dr. E. A. Doisy and his associates at St. Louis University School 
of Medicine (McKee, Binkley, MacCorquodale, Thayer, and 
Doisy, 1939), have been determined. Absorption curves of the 
reduction products of these two vitamins have been evaluated in 
the ultraviolet region as well as those of the corresponding diace- 
tates and the hydrolyzed diacetate of dihydro vitamin K,. In 
addition, ultraviolet absorption curves are presented for certain 
substituted 1 ,4-naphthoquinones. The close analogy between the 
naphthoquinone curves and those of vitamins K; and Kg clearly 
indicated the 1 ,4-naphthoquinoid structure of the vitamins. 

The compounds used throughout this investigation were pre- 
pared by Doisy and his associates in the course of their work on 
the isolation of vitamins K, and Ky and the establishment of the 
chemical structures of the two vitamins. Spectrophotometric 
examinations were made, concurrently, of various preparations 
as obtained by Doisy in his vitamin K investigations. The work 
was begun in January, 1939, after the isolation of the two pure 
vitamins to aid in the elucidation of the structure of the com- 
pounds. 

Apparatus and Materials 
The compounds were examined with a Bausch and Lomb 


medium quartz spectrograph and ultraviolet sector photometer. 
Excitation was generated in the first part of this investigation by 


* Parke, Davis and Company Research Fellow. 
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a No. 450-VA inductance condensed spark between tungsten steel 
electrodes, and that in the latter part by a Hilger hydrogen quartz 
lamp No. H-698. 

Hexane (b.p. 63-64.5°) was used as a solvent for the vitamin 
compounds and others, except in the case of 2-methyl- and 
2-ethyl-1 ,4-naphthoquinone-3-acetic acids which were insoluble 
in hexane. Ethyl alcohol was used as the solvent for these acids. 

Throughout this investigation two types of 10 mm. quartz 
absorption cells were used, one supplied by Bausch and Lomb, 
the other by Zeiss. The Bausch and Lomb cell was equipped 
with detachable optical quartz ends supported with monel metal 
fittings. Eastman No. 33 plates, 4 X 10 inches, were used and 
processed with pyro (No. D-1) developer for 6 minutes at 18°. 


Ultraviolet Absorption Curves 


Vitamins K, and K,—Fig. 1 shows the absorption curves of 
vitamins K, and K; in hexane. The maxima, minima, and other 
characteristics of the curves are quite similar. Each has a broad 
band with strong absorption in the region \ 240 to 275 mu with a 
rather fine structure revealing sharp maxima at \ 243, 249, 260. 
and 270 my. The right and left portions of the two broad bands 
seem to be rather separate parts and are formed of two smaller 
but definite bands near together, for both vitamins. The E}‘2,, 
of one band (249 my) in vitamin K, is 540; the corresponding 
band in vitamin K, has an E12, of 305. The other maxima of 
each compound have almost as high an extinction coefficient as 
the \ 249 mu maximum in fresh solution. 

Each curve also shows a broad and less intense absorption band 
in the region of \ 310 to 340 my with a maximum very close to 
\325myp. The E{2, value of these maxima for both compounds 
is about 7% and indicates a fundamental similarity in chemical 
structure. 

Vitamin Kz in the Solvents Alcohol and Hexane—The absorption 
curve of vitamin Kg in ethyl alcohol (Fig. 2) has a broad band from 
\ 235 to 280 my split definitely into two rather flat, smaller bands 
with maxima at \ 247 and 267 mu. The E}%,, coefficient is not 
as large as in hexane. A weak, broad band in the higher ultra- 
violet region has a wave-length value corresponding to that of the 


curve in hexane but its EZ}, is not as great. 
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The use of hexane as a solvent gives a curve very similar in 
outline, but characterized by the fine structure and maxima at 
\ 243, 249, 260, and 270 my. Because of this finer structure 
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Fia. 1. The absorption curves of vitamins K, (Curve I) and K, (Curve 
Il) in hexane. 
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Fic. 2. The absorption curves of vitamin K, in aleohol (Curve I) and in 
hexane (Curve II). 


brought out in hexane, this solvent was used in subsequent ab- 
sorption studies of the vitamins and their derivatives wherever 
possible. 

Vitamin Kg is unstable when exposed to light (MacCorquodale, 
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Binkley, McKee, Thayer, and Doisy, 1939). An alcoholic solu- 
tion of crystalline vitamin K, was received from Dr. Doisy in 
January, 1939, and examined for its ultraviolet absorption. 
Significant absorption was exhibited in the region \ 240 to 273 mu. 
On the suspicion that the sample had changed, since it had been 
dissolved 3 weeks previously, another sample was examined within 
3 days after its preparation. As expected, the second sample 
showed a finer structure, not only in ethyl alcohol but especially 
in hexane. The hexane curve gave the characteristic fine distinct 
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Fic. 3. The absorption spectra of vitamin K, in ethyl alcohol 



































Fig. 3 shows ultraviolet absorption spectra of vitamin Kg in 
ethyl alcohol (as described above) with maxima at \ 247 and 267 
my. Curve II shows the curve of the same solution after 3 days 
in darkness. The curves are very nearly the same, showing little 
difference in either tall or short broad bands. 

The physiological potency of vitamin K¢ is retained for a similar 
length of time if dissolved in alcohol and kept in darkness. 

Curve II, Fig. 4, is the absorption spectrum of vitamin Kg in 
ethyl alcohol solution after standing 40 hours in a glass bottle 
exposed to diffuse light. The band has undergone little change 
in absorption intensity, but it is spread out and shifted toward the 
Schumann ultraviolet. 

Curve I, Fig. 4, shows a comparable spectrum of vitamin K, 
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in hexane after standing 70 hours in daylight. This band has 
also shifted toward a lower wave-length, retaining a shape similar 
to Curve II. Some part of the broad band with the maximum at 
\ 325 my seems to be remaining. 
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Fic. 4. The absorption spectra of vitamins K, (Curve I) and Ky (Curve 
Il) after exposure to visible light. 
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Fic. 5. Absorption spectra of vitamin K, in hexane. This preparation 
was obtained by the hydrolysis of the diacetate of dihydro vitamin K,. 
The readings of Curve I were taken 15 minutes after solution in hexane; 
Curve II, 1 hour later. 


It is evident that the vitamin is seriously affected by light. 

Instability of Vitamin K, in Hexane Solution—Fig. 5 shows the 
absorption spectra of vitamin K, obtained by hydrolysis of the 
diacetyl dihydro derivative (regenerated vitamin K,). Curve I 
was taken as soon as possible after solution in hexane (15 minutes) ; 
Curve II, 1 hour later. The E}%,, values of fine structure peaks 
of the major band have fallen during the hour. 
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To obtain maximum absorption of the vitamin it is necessary 
to determine the curve immediately after solution of the sample. 

Effect of Reduction—Fig. 6 shows absorption spectra of the com- 
pounds obtained by the catalytic reduction (Adams-Shriner) of 
vitamins K, and K, (McKee, Binkley, MacCorquodale, Thayer, 
and Doisy, 1939). Like the vitamins, the vitamin K, derivative 
has the higher extinction coefficient. There is an absorption band 
from \ 255 to 275 my in each case, with fine structure maxima 
at \ 260 and 270 mu. The wave-lengths of these narrow peaks 
correspond exactly with the wave-lengths of two of the peaks of the 
respective vitamins. Reduction of the vitamins has destroyed 
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Fic. 6. Absorption spectra of reduction products of vitamins K, (Curve 
I) and K, (Curve II). These compounds still possessed a quinonoid 
structure. 

Fic. 7. Absorption spectra of the diacetates of dihydro vitamins K;, 
(Curve I) and Ky (Curve II). 





























the left half of the major absorption band with its two narrow 
maxima, leaving unchanged the two fine structure maxima at 
260 and 270 mz. 

Diacetates of Dihydro Vitamins K, and K,;—To help establish the 
structure of the vitamins, the diacetates of the dihydro derivatives 
of vitamins K, and Ky were examined. Fig. 7 shows their re- 
spective absorption curves. 

In place of the broad bands of the vitamins, with fine structure, 
there is a narrow band farther in the ultraviolet, with a maximum 
at \ 232 mp. The £}%,, values of the vitamin K, and K; diac- 
etates are 1600 and 1300 respectively. 
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1,4-Naphthoquinone and Dhiacetate of Naphthohydroquinone— 
Fig. 8 shows curves of 1 ,4-naphthoquinone and the diacetate of its 
dihydro reduction product. As in the case of the corresponding 
vitamin K, and Ke derivatives, the E{%,, value of the absorption 
maximum of the diacetate is greater than that of the quinone. 
Also, it is shifted to the farther ultraviolet, so that with loss in 
intensity of the radiation in that region, no record was obtained 
on Eastman No. 33 emulsion. 

















Y 

















en 


























Fic. 8. Absorption spectra of 1,4-naphthoquinone (Curve I) and the 
diacetate of naphthohydroquinone (Curve II). 


It is interesting that the maximum of the less intense broad band 
is shifted to a lower wave-length. The band of vitamin K, is 
shifted from \ 325 to A 283 my in the diacetate, from \ 328 mu 
in vitamin Ky, to \ 284 my in its diacetate, and from \ 325 to 
\ 285 my in the diacetate of the naphthohydroquinone. 

Vitamin K, Obtained by Hydrolysis of Diacetyl Dihydro Deriva- 
tive—The diacetate of dihydro vitamin K, was hydrolyzed in order 
to regenerate the vitamin. The curve is given in Fig. 5. 

The main band lies in the same position as that of the original 
vitamin K,, as do the fine structure maxima at \ 243, 249, 260, 
and 270 my. Also, the less intense band with the maximum in 
the longer wave-lengths reverts to its vitamin K, position. The 
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E}{‘,. values of both bands of the regenerated vitamin are similar 
to those of the original vitamin. 

1 ,4-Naphthoquinone and Derivatives—Fig. 9 shows absorption 
curves of 1,4-naphthoquinone, 2-methyl-1 ,4-naphthoquinone, 
2,3-dimethyl-1 ,4-naphthoquinone, and  2-ethyl-1 ,4-naphtho- 
quinone, all in hexane. 

All four compounds have principal absorption bands in the same 
ultraviolet region with a less intense band (not shown) with the 
maximum near A 325 my. 
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Fic. 9. Absorption spectra of 1,4-naphthoquinone (Curve I), 2-methyl- 
1,4-naphthoquinone (Curve II), 2,3-dimethyl-1,4-naphthoquinone (Curve 
III), and 2-ethyl-1,4-naphthoquinone (Curve IV), in hexane. 


The introduction of substituents exerts a noteworthy effect on the 
fine structure of the major band. The 1 ,4-naphthoquinone, with 
no substituent, has no fine structure. Introduction of a methyl 
group in the 2 position produces three maxima. Two methyl 
groups cause four maxima, as does an ethyl group in the 2 posi- 
tion. The 2,3-dimethylnaphthoquinone has an absorption spec- 
trum singularly like that of the vitamin (Fig. 1), its fine structure 
maxima being at \ 243, 248, 259, and 269 mu, respectively. 

1 ,4-Benzoquinone—Fig. 10 shows the E{%, curve of 1,4- 
benzoquinone, in hexane. It is very similar in shape to that of the 
1,4-naphthoquinone. The major absorption is in the region 
\ 230 to 260 mu, with a maximum at \ 241 my. The longer wave- 
length band is very weak. 
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2,3 Disubstitution Products of 1,4-Naphthoquinone; Acids— 
Fig. 11 (Curve I) shows the absorption curve of the quinone acid, 
CisHyO,., obtained by the oxidation of vitamin K,. The general 
features of the curve are very similar to those of the naphthoquin- 
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Fic. 10. Absorption spectrum of 1,4-benzoquinone in hexane 
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Fic. 11. Absorption spectra of 2-methyl-1l,4-naphthoquinone-3-acetic 
acid (Curve I) obtained from oxidation of vitamin K,, and of a synthetic 
preparation of 2-ethyl-1,4-naphthoquinone-3-acetic acid (Curve II). 
Both compounds were dissolved in ethyl alcohol. 


ones studied, with absorption from A 240 to 275 my, broken up 
into a tall maximum at 244 to 248 mu, and a shorter one at 
260 to 270 mu. There is also a less intense band from \ 315 to 
340 mz with a maximum at \325my. The compound, 2-ethyl-1 ,4- 
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naphthoquinone-3-acetic acid (Curve II) exhibits the same max- 
ima, general shape of the absorption curve, and similarity in 
extinction coefficients. This indicates a similar molecular 
arrangement in the compounds. 


DISCUSSION 


Doisy and his associates (McKee, Binkley, MacCorquodale, 
Thayer, and Doisy, 1939) have shown vitamins K, and K, to 
possess quinone structures, whereas our comparison of the ultra- 
violet absorption curves with those of known quinones has led to 
the conclusion that the vitamins are derivatives of naphthoquinone 
rather than of benzoquinone. There is evidence, moreover, that 
one pair of maxima, in the region \ 240 to 250 mu, is due pri- 
marily to the benzene nucleus, whereas the other, in the region \ 
260 to 270 mu, is associated with the quinonoid structure. This 
is shown by our measurements of the reduction products of the 
vitamins. 

Both vitamins upon catalytic reduction yield colorless products 
which upon exposure to air are oxidized to yellow compounds 
presumably possessing quinone structures (McKee, Binkley, 
MacCorquodale, Thayer, and Doisy, 1939). Absorption measure- 
ments showed that the maxima at \ 243 and 249 mu had been elimi- 
nated (Fig. 6), whereas the maxima at \ 260 and 270 mu remained. 

Dam et al. (1939) found the absorption curve of vitamin K, 
to have four principal maxima at \ 248, 261, 270, and 328 mu, 
and an extinction coefficient of E{%,, at \ 248 my of 280. In 
Fig. 1 a sharp maximum is noted at \ 243 mu and the value of the 
E}%,,. at \ 249 my is 540, practically double that reported by Dam. 
It is obvious that our much higher value of the extinction coeffi- 
cient and very pronounced maximum at \ 243 muy are due to the 
higher purity of the product. 

The difference between the absorption curves of the hydro- 
genated vitamin K, observed by Dam et al. (1939) and ourselves 
is difficult to understand. If the conception of the St. Louis 
group is correct, the only points of reduction are the double bond 
in the side chain, the aromatic rings, and the quinonoid linkages. 
Dam and coworkers found, after reduction, maxima at A 248, 
261, and 270 my but a disappearance of the band at 328 mu. 
Since the 328 mu band or one analogous to it is present in all 
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of the 1,4-naphthoquinones and the diacetates of the naphtho- 
hydroquinones which we have studied, it seems that this absorp- 
tion must be due to the ring structure. However, hydrogenation 
of the non-quinonoid ring of vitamin K, causes loss of the maxima 
at \ 243 and 248 as well as 328 my (see Fig. 6). Obviously the 
discrepancy cannot be cleared up until Dam and his collaborators 
furnish additional evidence on the nature of the compound pro- 
duced by their process of reduction. 

The E}%,, of 1,4-naphthoquinone had a value of 1090 at a sharp 
maximum of \ 245 my and a value of 150 at \ 328 mu where the 
band was very broad. The hexane solution of 2-methyl-1 ,4-naph- 
thoquinone gave the following approximate values of E12, : 1150 
at \ 244 my, 1145 at \ 253 my, 975 at \ 264 muy, and 180 at A 
325 to 328 my. An extinction coefficient of E}%,, 810 was found 
for the minimum at \ 260 my (Fig. 9). Macbeth, Price, and 
Winzor (1935) found only two maxima for these compounds, one 
at \ 246 my and another at \ 334 my as well as a minimum at A 
285 mu. Fieser, Bowen, et al. (1939) report a maximum at A 
250 mu. We believe that this portion of the ultraviolet absorp- 
tion spectrum of 2-methyl-1 ,4-naphthoquinone consists of distinct 
maxima at \ 244 and 253 mu, and a minimum at A 248 mu. 

In a more recent publication Fieser, Campbell, and Fry (1939) 
give the absorption curve for 2,3-dimethyl-1 ,4-naphthoquinone. 
A comparison of this curve with the one (Fig. 9) obtained in this 
laboratory shows that Fieser failed to observe the fine structure 
of the main absorption bands, probably because of his use of 
ethyl alcohol rather than hexane as the solvent. The fine struc- 
ture of the absorption shows that the maxima of 2,3-dimethyl- 
1 ,4-naphthoquinone and vitamins K, and Kg are almost identical. 

The absorption spectra of the diacetates of dihydro vitamins 
K, and K¢ are very similar in that sharp maxima occur at \ 231 
muy for the vitamin Kg, derivative and at \ 230 mu for the cor- 
responding vitamin K, compound. The E}%,. for the vitamin 
K, derivative was 1600 and for the corresponding compound of 
vitamin K, the value was 1300. In both of these cases extinction 
coefficients of 100 were found at \ 285 my. It is noted that the 
diacetate of dihydro-1 ,4-naphthoquinone shows substantially the 
same type of absorption curve. 

The diacetate band (Fig. 7) is simple, and in consideration of the 
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comparative stability of the diacetates, it would seem that these 
compounds have the proper qualifications as reference standards 
for the vitamins. 

From these observations it may be concluded that vitamins K, 
and Kg are derivatives of 2,3-dimethylnaphthoquinone, that they 
contain the structure 


and that the side chains contain no conjugated double bonds. 


Addendum—aAfter this article had been submitted for publication, we 
had an opportunity of measuring the absorption spectrum of Dr. Doisy’s 
synthetic vitamin K;. Maxima were observed at \ 243, 249, 260, 269, and 
325 my, the corresponding Ej om. values being 410, 425, 395, 395, and 75. 
These values are in good agreement with those obtained in our measure- 
ments on pure vitamin K, from alfalfa and show that the synthetic 
product is identical with the natural. 
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The isolation of vitamin K,, CyHO., in a chemically pure 
condition and its crystallization at low temperature have recently 
been reported from this laboratory (McKee, Binkley, MacCorquo- 
dale, Thayer, and Doisy, 1939; Binkley, MacCorquodale, Thayer, 
and Doisy, 1939). It was shown that catalytic hydrogenation of 
the vitamin induced an uptake of 8 atoms of hydrogen with the 
formation of a colorless reduction product which upon exposure 
to the air was converted to a yellow compound indistinguishable 
from the vitamin in appearance. Upon catalytic hydrogenation 
this yellow product was found to absorb 2 atoms of hydrogen with 
the production of a colorless compound which upon exposure to 
air reverted to the yellow substance. This behavior strongly 
suggested a quinone structure for the vitamin, a conclusion that 
was supported by the lability of the vitamin toward light and 
alkali. This conclusion was subsequently confirmed by the 
preparation of a crystalline hydroquinone diacetate by reductive 
acetylation (Binkley, MacCorquodale, Cheney, Thayer, McKee, 
and Doisy, 1939). Treatment of this diacetyl dihydro vitamin 
K, with methyl magnesium iodide produced the hydroquinone 
which upon being shaken with air was rapidly oxidized to the 
vitamin. 

The pure yellow color of the vitamin indicated that it probably 
belonged to the p-quinone series and this conclusion found support 
in the discovery that of a considerable variety of quinones only 
a-naphthoquinone and its derivatives possessed vitamin K ac- 
tivity (Thayer, Cheney, Binkley, MacCorquodale, and Doisy, 
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1939). Moreover the ultraviolet absorption curve! clearly in- 
dicated a relationship to the a-naphthoquinones (Ewing, Vanden- 
belt, and Kamm, 1939). Under the conditions of the catalytic 
hydrogenation, it was found that in the 2, 3-disubstituted naphtho- 
quinones the aromatic ring is reduced with the formation of 
tetrahydro derivatives of the hydroquinones. Since the vitamin 
takes up 2 additional atoms of hydrogen, it was concluded that 
these must go to saturate an ethylenic linkage. 

Vitamin K, does not respond to Craven’s color test (Craven, 
1931). This test is carried out in ammoniacal alcoholic solution, 
the reagent being ethyl cyanoacetate. a-Naphthoquinones sub- 
stituted in the 2 position respond to this test but the 2, 3-disub- 
stituted derivatives do not. From this it was concluded that 
the vitamin could be formulated as a 1,4-naphthoquinone, with or 
without substituents in the benzenoid ring, and with hydrocarbon 
radicals at the 2 and 3 positions, or with a closed carbon chain 
between the 2 and 3 positions. 

Oxidation of vitamin K; with chromic acid resulted in the for- 
mation of a mixture of substances from which two acids were 
separated in pure crystalline form. One of these was identified 
as phthalic acid, which demonstrated that the benzenoid ring in 
the vitamin is unsubstituted. The other acid, which was a 
quinone acid, was obtained as pale yellow needles melting with 
decomposition at 210°. The amount of this acid obtained was 
so small, 3.5 mg., that duplicate analyses were not obtained. 
From a single analysis the formula C\4H,.O, was calculated and on 
the basis of this it was suggested that the acid was 2-ethyl-1,4- 
naphthoquinone-3-acetic acid (MacCorquodale, Binkley, Thayer, 
and Doisy, 1939). However, when synthetic acids were prepared 
for comparison, it was found that 2-methyl-1,4-naphthoquinone- 
3-acetic acid had the same decomposition temperature, whereas 
the 2-ethyl homologue melted with decomposition at 185°. The 


1 We are happy to express our appreciation to Professor Ewing who be- 
gan his study of the ultraviolet absorption spectra of specimens of our pure 
vitamins in January, 1939. In addition to his work on the natural 
vitamins, Professor Ewing has determined the absorption curves of a 
number of related compounds. The report presented by Fieser, Campbell, 
and Fry (1939) agrees in many respects with data on the ultraviolet ab- 
sorption of naphthoquinones which had already been transmitted to us by 
Professor Ewing. 
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methyl esters of the 2-methyl-1,4-naphthoquinone-3-acetic acid 
and the acid obtained from the vitamin had the same melting 
point and the mixture showed no depression. The quinone acid 
was, therefore, the 2-methyl-1,4-naphthoquinone-3-acetic acid (I) 
instead of the 2-ethyl homologue as we had previously reported. 
This is in agreement with the results of further oxidation experi- 
ments with the diacetate of the dihydro derivative of the vitamin. 
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| When diacetyl dihydro vitamin K, is oxidized with a limited 
quantity of chromic acid, several competing reactions take place, 
the molecule being attacked not only at the ethylenic linkage but 
also at the ester groups with formation of quinones, so that the 
reaction mixture contains vitamin K, as well as a fairly good yield 
of the two products formed by cleavage at the double bond, and 
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also, apparently, small amounts of quinone acid and phthalic 
acid, although the latter two have not been positively identified 
in this case. The major portion of the acid fraction was found to 
consist of an acid C,;7HO. which was identified as 1,4-diacetoxy- 
2-methylnaphthalene-3-acetic acid (II) by comparison of the 
methyl ester with a synthetic specimen. Confirmation of this 
was obtained by chromic acid oxidation of the acid. The quinone 
acid formed was converted to the methyl ester which was found 
to be identical with the methyl ester of 2-methyl-1,4-naphtho- 
quinone-3-acetic acid. 

The neutral fraction of the oxidation products contained a liquid 
ketone which could be separated in a pure form by means of 
steam distillation. However, it was found that this ketone could 
be obtained more simply and in excellent yield by ozonolysis of 
the diacetate of dihydro vitamin K;. The ketone was isolated 
as the semicarbazone which was found to be identical with the 
semicarbazone of 2,6,10-trimethylpentadecanone-14 (III) ob- 
tained by the oxidation of phytol (Fischer and Lowenberg, 1928). 

The identification of these degradation products of vitamin K, 
and its diacetyl dihydro derivative demonstrates that the con- 
stitution of the vitamin is correctly represented by the formula 
2-methyl-3-phytyl-1,4-naphthoquinone (IV) and this has been 
confirmed by synthesis. 

By means of the method of Claisen for the direct alkylation of 
phenols phytyl bromide was condensed with 2-methyl-1,4-naph- 
thohydroquinone to give dihydro vitamin K,, which was oxidized 
by the oxygen of the air to vitamin K;. This was purified as the 
diacetyl dihydro derivative which was identical in composition, 
melting point, crystalline form, and biological activity with the 
diacetyl dihydro derivative of the natural vitamin. As further 
evidence that the synthetic compound is identical with the acety- 
lated derivative of the natural vitamin, it has been degraded by 
the method used in the case of the latter and the degradation 
products formed have been shown to be identical. 

The vitamin has also been obtained by direct condensation of 
phytol and 2-methyl-1,4-naphthohydroquinone with zinc chloride 
as a condensing agent. Both reactions are being studied further 
in order to ascertain the most satisfactory conditions for the forma- 
tion of the vitamin. 
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EXPERIMENTAL 


Oxidation of Vitamin K,. Identification of Quinone Acid*— 
350 mg. of vitamin K, (Preparation T64a2) were dissolved in 200 
ec. of glacial acetic acid and to this was added a solution of 200 
mg. of chromic acid in a little water and acetic acid. 2 small 
drops of concentrated sulfuric acid were added and the solution 
warmed to 40° and allowed to stand. In an hour the chromic 
acid was completely reduced and the acetic acid was then re- 
moved by distillation under diminished pressure at 40-45°. The 
residue was taken up in water and extracted thoroughly with 
ether. The combined ether extracts were shaken with water and 
then extracted twice with a 10 per cent solution of sodium bi- 
carbonate. The bicarbonate solution was acidified with hydro- 
chloric acid and extracted with ether. Evaporation of the ether 
left a semicrystalline residue which was dissolved in methyl 
alcohol and treated with norit. The solution was filtered and 
evaporated to dryness. The residue was leached with a few drops 
of ice-cold methyl alcohol, which removed oily material and left 
a small quantity of pale yellow crystals. These crystals were 
dissolved in methyl alcohol, treated with a little norit, filtered, and 
the filtrate concentrated to 1.5ec. Upon standing at —5°, lemon- 
yellow needles separated. These were filtered off, washed with 
several drops of cold methyl alcohol, and dried in a vacuum over 
calcium chloride. The yield was 3.5 mg. The acid melted rather 
sharply at 210° with vigorous evolution of gas and rapid browning. 
The methyl ester was prepared by treating the acid (3.0 mg. 
obtained by a second oxidation) with an ethereal solution of 
diazomethane. The excess reagent was removed immediately 
by distilling to dryness, and the residue was dissolved in methanol 
treated with norit and the ester crystallized at — 5° from 50 per cent 
methanol. The yield was 2.2 mg. of pale yellow hair-like needles. 


* Preliminary reports on the degradation and synthesis (Binkley, 
Cheney, Holcomb, McKee, Thayer, MacCorquodale, and Doisy, 1939) 
and on the degradation of the diacetyl dihydro synthetic vitamin K, 
(MacCorquodale, McKee, Binkley, Cheney, Holcomb, Thayer, and Doisy, 
1939) have been published in the September issues of the Journal of the 
American Chemical Society and The Journal of Biological Chemistry, re- 


spectively. 
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The melting point was 121—122°. When mixed with a synthetic 
specimen of the methyl ester of 2-methyl-1,4-naphthoquinone- 
3-acetic acid (m.p. 121.5-122.5°), the melting point was 121-122°. 

Identification of Phthalic Acid—The neutral fraction (341 mg.) 
from the oxidation reaction evidently contained a considerable 
amount of unchanged vitamin K,;. It was dissolved in 150 ce. 
of glacial acetic acid and refluxed for 14 hours with 1.0 gm. of 
chromic acid. The excess of chromic acid was reduced by means 
of methanol. The solvent was removed by distillation under 
diminished pressure at 45° and the residue dissolved in water and 
extracted thoroughly with ether. The ether solution was shaken 
with sodium bicarbonate and the latter acidified with hydrochloric 
acid and extracted with ether. Evaporation of the ether left a 
residue of liquid acids which consisted mainly of acetic acid but 
which had a distinct odor of higher fatty acids. It was combined 
with a corresponding fraction from a second oxidation experiment 
and distilled from an oil bath at 140° to remove acetic acid. The 
residue was allowed to stand at room temperature for 5 days, 
during which time white crystals separated. The mixture was 
treated carefully with chloroform which dissolved the liquid acids, 
leaving 23 mg. of a white crystalline residue. This was dissolved in 
methanol, decolorized with norit, and the filtrate evaporated. By 
crystallization of the residue from 0.5 cc. of water 18 mg. of pure 
white crystals were obtained which melted in a sealed tube at 
191° with evolution of gas. Sublimation of the material at 200° 
produced the characteristic long, slender needles of phthalic 
anhydride which melted at 127-128°. When mixed with an 
authentic specimen of phthalic anhydride melting at 128-129°, 
the melting point was 128-129°. 


CsH,O;. Calculated, C 64.87, H 2.72; found, C 64.78, H 3.05 


Chromic Acid Oxidation of Diacetyl Dihydro Vitamin K,—To 
a solution of 950 mg. of diacetyl dihydro vitamin K, (Preparation 
SB3, m.p. 61.5°) in 20 ec. of glacial acetic acid 4.0 gm. of pul- 
verized, fused potassium bisulfate were added and then a solution 
of 403 mg. of chromic acid in acetic acid. The mixture was 
heated at 50° with frequent shaking for an hour, after which the 
acetic acid was removed by distillation under diminished pressure 
at 45-50°. The residue was dissolved in water and extracted 
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thoroughly with ether. The acidic substances were removed from 
the ether by means of aqueous sodium bicarbonate and, after 
acidification with hydrochloric acid, were extracted with ether. 
The washed ether extract upon evaporation left a brown semi- 
crystalline residue which was leached with benzene to remove 
brown oily material. The insoluble white crystalline residue was 
dissolved in methanol, decolorized with norit, and crystallized 
from 50 per cent methanol solution. The yield of the twice crystal- 
lized product was 110 mg. The pure acid separates from dilute 
methanol solution in beautiful colorless needles which melt without 
decomposition at 209-210°. 


Ci7H Os. Calculated. C 64.55, H 5.10 
Found. * 64.40, 64.56, “ 5.09, 5.16 


The acid was converted to the methyl ester by means of diazo- 
methane. After treatment with norit the acid was crystallized 
from aqueous methanol in fine white needles which melted without 
decomposition at 127.5-128.5°. 

When mixed with a synthetic specimen of the methyl ester of 
1 ,4-diacetoxy-2-methylnaphthalene-3-acetic acid (m.p. 125-126°), 
the melting point was 126-127°. 


CisHisOs. Calculated, C 65.45, H 5.49; found, C 65.12, H 5.36 


Oxidation of 1,4-Diacetory-2-M ethylnaphthalene-3-Acetic Acid to 
2-Methyl-1 ,4-Naphthoquinone-3-Acetic Acid—Conversion of the 
diacetate acid to the quinone acid cannot be accomplished by 
means of the Grignard reagent as in the case of the diacetate of 
the dihydro vitamin (Binkley, MacCorquodale, Cheney, Thayer, 
McKee, and Doisy, 1939) because of the formation of a highly 
insoluble magnesium salt which undergoes no further reaction. 
However, the transformation was easily accomplished by treat- 
ment of the diacetate acid (10 mg.) in 2.0 ce. of glacial acetic acid 
with a slight excess of chromic acid. The solution was warmed on 
the steam bath for 15 minutes, diluted with water, and extracted 
with ether. The ether solution was washed with water and 
evaporated, leaving yellow crystals of the quinone acid. The 
acid was treated with an ethereal solution of diazomethane and 
the methyl ester crystallized from dilute methanol. The melting 
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point was 121—122°. When mixed with a synthetic specimen of 
the methyl ester of 2-methyl-1,4-naphthoquinone-3-acetic acid 
melting at 121.5-122.5°, there was no depression of the melting 
point. 

Ozonolysis of Diacetate of Dihydro Vitamin K,—500 mg. of the 
diacetate of dihydro vitamin K, (Preparation T87a2) were dis- 
solved in 20 cc. of glacial acetic acid and a stream of ozone passed 
into it until the reaction was complete. The faintly yellow solu- 
tion was hydrolyzed by boiling with 10 cc. of water for 2 hours. 
The water and acetic acid were removed by distillation at dimin- 
ished pressure, leaving a brown resinous residue together with a 
light colored oil. The resin was evidently formed by decomposi- 
tion of the cyclic portion of the molecule and no pure substance 
could be isolated from it. The clear oil was separated by leaching 
with low boiling petroleum ether. On standing overnight the 
petroleum ether solution deposited a small amount of a brown 
flocculent precipitate which was discarded. Evaporation of the 
petroleum ether left 184 mg. of light yellow oil which was dis- 
solved in 95 per cent alcohol and filtered through a 2 cm. layer of 
norit which removed almost all of the color. The alcohol was 
evaporated from the filtrate and the viscous oil (171 mg.) was 
dissolved in ether and shaken with 10 per cent sodium bicarbonate 
solution. The washed ether solution was evaporated and the 
nearly colorless oil (160 mg.) was dissolved in 95 per cent alcohol 
and treated with 100 mg. of semicarbazide hydrochloride and 125 
mg. of sodium acetate crystals. The solution was warmed on the 
steam bath for 2 hours and was then allowed to stand until the 
following day. The solvent was evaporated on the water bath 
and the residue dissolved in water and extracted with ether. The 
washed ether solution was evaporated, leaving a viscous oil which 
crystallized on standing. The yield was 192 mg., which is almost 
theoretical (194 mg.) for the semicarbazone of the ketone C,sH3.0. 
The material was dissolved in methanol, and filtered through a 
small column of washed norit. The filtrate was concentrated to 1.5 
ec. and allowed to stand overnight at —5°. The white crystal- 
line solid was filtered off, washed with cold methanol, and dried 
in a vacuum over calcium chloride. The melting point was 
61-63°. After three recrystallizations from 0.5 cc. of methanol 
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the semicarbazone was obtained as a pure white, crystalline prod- 
uct which melted sharply at 66-67°. 


CisHssON;. Calculated. C 70.10, H 12.08, N 12.91 
Found. 70.04, “* 12.13, “ 12.83, 12.88 


For comparison 2,6,10-trimethylpentadecanone-14 was pre- 
pared by the chromic acid oxidation of phytol, as described by 
Fischer and Lowenberg. The semicarbazone was purified by 
distillation at 130° and 0.0001 mm. and after crystallization from 
methanol melted at 64-66°. When mixed with the semicar- 
bazone from the vitamin, the melting point was 64-66°. 


Synthesis of the Quinone Acid, CysHwO, 

2-Methyl-3-Bromomethylnaphthalene—62 gm. (0.398 mole) of 
2,3-dimethylnaphthalene were dissolved in 150 cc. of dry carbon 
tetrachloride in a 3-necked flask fitted with a stirrer, a reflux 
condenser, and a dropping funnel, the stem of which reached below 
the surface of the solution. The solution was irradiated by a 
cluster of four 200 watt lamps placed directly under the flask, 
the heat from the lamps also serving to keep the solution boiling 
gently. A solution of 64.0 gm. (0.40 mole) of bromine in 50 ce. 
of carbon tetrachloride was added during tlie course of 3 hours. 
After completion of the bromination a current of air was bubbled 
through the hot solution for 10 minutes, after which it was filtered 
and cooled in an ice bath. The crude product which crystallized 
weighed 23.5 gm. and melted at 94-97°. After three crystalliza- 
tions from petroleum ether (b.p. 90-115°) the colorless plates 
melted at 104-105°. 


CyuHuBr. Caleulated, C 61.27, H 4.72; found, C 61.27, H 4.87 


2-Methyl-3-N aphthaleneacetic Acid—A solution of 23.5 gm. (0.10 
mole) of crude 2-methyl-3-bromomethylnaphthalene (m.p. 94- 
97°) and 13.0 gm. (0.20 mole) of potassium cyanide in 133 cc. of 
95 per cent alcohol and 22 cc. of water was boiled under a reflux 
for 2 hours. The alcohol was then removed by distillation, and 
the hard residue broken up and treated with 800 cc. of ether. 

The ether solution was washed with water and distilled to 
dryness, leaving a white crystalline residue of 2-methyl-3-naph- 
thaleneacetonitrile. Without further purification this was hydro- 
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lyzed with a solution of 38 gm. of potassium hydroxide in 100 ce. 
of water. The mixture was heated at 105° for 4 hours and then 
refluxed for 1 hour. 10 ce. of 30 per cent hydrogen peroxide were 
gradually added during the course of the hydrolysis. The solu- 
tion was diluted with water and after a treatment with norit the 
filtrate was acidified with hydrochloric acid. Cooling caused the 
separation of 7.2 gm. of crude 2-methyl-3-naphthaleneacetic acid 
which was purified by crystallization from acetic acid and then 
from alcohol. It crystallizes from dilute alcohol in needles and 
from strong alcohol in plates. Both forms were found to melt 
at 200-201°. 


Cy3H 202. Calculated, Cc 77 .96, H 6.05; found, C 77.72, H 5.88 


2-Methyl-1 ,4-Naphthoquinone-3-Acetic Acid—To a solution of 
1.3 gm. of 2-methyl-3-naphthaleneacetic acid in 8.7 cc. of glacial 
acetic acid was added a suspension of 3.7 gm. of chromic acid in 
6.8 ec. of 80 per cent acetic acid. After standing for an hour at 
room temperature the mixture was diluted with water, extracted 
with ether, and the washed ether solution shaken with 10 per cent 
sodium bicarbonate solution. The bicarbonate solution was 
acidified with hydrochloric acid and extracted with ether. The 
ether solution was treated with norit, dried with calcium chloride, 
filtered, and concentrated. The yellow crystalline acid which 
separated was recrystallized from methanol in the form of yellow 
needles which melted with decomposition at 210°. Yield, 0.30 gm. 


Cy3H0O,. Calculated. Cc 67 .80, H 4.38 
Found. ** 67.51, 67.53, ‘* 4.59, 4.37 


The methyl ester was prepared by means of diazomethane in 
ether solution. The excess of reagent was quickly removed by 
evaporation of the ether and the ester taken up in methanol and 
treated with norit. The filtrate was concentrated to a small 
volume and diluted with an equal volume of water. On standing 
at —5° the solution deposited yellow hair-like needles of the methyl 
ester of 2-methyl-1,4-naphthoquinone-3-acetic acid. The melting 
point was 121.5-122.5°. 


CyuH0,. Calculated, C 68.84, H 4.95; found, C 68.55, H 5.22 


By the usual procedure of reductive acetylation it was converted 
to the methyl ester of 1,4-diacetoxy-2-methylnaphthalene-3- 
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acetic acid which was crystallized from 50 per cent methanol, 
m.p. 125-126°. 


Synthesis of Diacetate of Dihydro Vitamin K, 


2-Methyl-1 ,4-Naphthohydroquinone (Fries and Lohmann, 1921)— 
To a solution of 10 gm. of 2-methyl-1, 4-naphthoquinone in 65 cc. 
of hot alcohol was slowly added a solution of 20 gm. of stannous 
chloride in 20 cc. of concentrated hydrochloric acid and 50 cc. 
of water. The solution was heated until the dark red color had 
faded to a light yellow, and was then diluted with. water and 
cooled. The 2-methyl-1,4-naphthohydroquinone separated as 
light pink needles which after three crystallizations from dilute 
alcohol (norit) gave white needles melting at 168-170°. 


CyH,O.. Calculated, C 75.83, H 5.79; found, C 75.45, H 5.90 


1,4-Diacetory-2-Methyl-3-Phytylnaphthalene (Diacetate of Di- 
hydro Vitamin K,)—To a suspension of 11.4 gm. (0.0657 mole) 
of 2-methyl-1,4-naphthohydroquinone in 230 cc. of dry ben- 
zene was added a solution of 1.5 gm. (0.065 mole) of sodium in 
23 cc. of absolute alcohol. The dark green mixture was thor- 
oughly shaken and cooled in an ice bath and then a solution of 
31.4 gm. (0.0875 mole) of phytyl bromide (Smith, 1939) in 25 ec. 
of dry benzene was added. The mixture was kept in the ice 
bath and shaken frequently for 2 hours and was then allowed to 
stand overnight at room temperature. The reaction mixture 
was then heated on the steam bath for 2} hours, after which it was 
strongly acidified with acetic acid, diluted with water, and filtered 
from unchanged 2-methyl-1,4-naphthohydroquinone (5.5 gm.). 
The orange benzene layer was washed with water, dried over 
sodium sulfate, and distilled to remove the benzene. The residue 
was dissolved in 200 cc. of petroleum ether (b.p. 30-55°). After 
chilling, the insoluble material was filtered off and discarded. 
Evaporation of the solvent left 28.7 gm. of red oil. This was 
dissolved in petroleum ether (b.p. 90-115°) and fractionated by 
the principles of the methods devised for the purification of the 
natural vitamin (Binkley, MacCorquodale, Thayer, and Doisy, 
1939). The crude vitamin K, thus obtained was reductively 
acetylated to give crude diacetate of dihydro vitamin K, which 
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melted at 55-58°. This was purified by freezing it out of methanol 
at —70° followed by crystallization from a 10:1 mixture of absolute 
ethyl alcohol and petroleum ether (b.p. 30-55°). Recrystalliza- 
tion was then repeated with a 10:1 mixture of absolute ethyl 
alcohol and acetone. The final crystallization was from a 1:2 
mixture of absolute ethyl and methyl alcohols. The yield of 
fine, white silky needles was 313 mg. The melting point was 
62-63° and when mixed with a specimen of the diacetate of the 
dihydro derivative of the natural vitamin (m.p. 62-63°) there 
was no depression of the melting point. 


CyHwO0,. Calculated. C 78.33, H 9.77, mol. wt. 536 
Found. ** 78.36, 78.41, “9.98, 10.00, ‘** ‘“ (Rast) 534 
Bioassay, 660 units per mg. 


From the mother liquors, 875 mg. of diacetate melting at 59-61° 
were recovered. 

Degradation of Synthetic Diacetyl Dihydro Vitamin K,—To a 
solution of 250 mg. of the synthetic diacetate of dihydro vitamin 
K, in 10 ce. of glacial acetic acid 1.0 gm. of pulverized, fused potas- 
sium bisulfate was added and then a solution of 110 mg. of chromic 
acid (theoretical requirement 93 mg.) in acetic acid and a little 
water. The mixture was heated at 50° for 1 hour, after which 
the acetic acid was removed by distillation under diminished 
pressure. The residue was taken up in water and the solution 
extracted with ether. The extract was divided into acidic and 
neutral fractions by means of sodium bicarbonate. The acidic 
fraction was worked. up by the method already described for the 
natural compound and 15 mg. of pure acid melting at 208-209° 
were obtained. When mixed with a specimen of the acid obtained 
from the derivative of the natural vitamin (m.p. 209-210°), 
the melting point was 209-210°. 


Ci7HiOs. Calculated, C 64.55, H 5.10; found, C 64.52, H 5.26 


The yellow neutral fraction from the oxidation weighed 233 mg. 
and consisted largely of vitamin K, together with some ketone. 
The latter was separated by distillation with steam and was 
extracted from the distillate with ether. The weight of ketone 
was 22.0 mg. It was treated with semicarbazide hydrochloride 
and sodium acetate and 27.0 mg. of yellow oily semicarbazone were 
obtained. This was dissolved in methanol and treated with 
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norit. The filtrate was concentrated to 0.2 cc. and kept in a 
freezing mixture of calcium chloride and ice for 3 days. The pure 
white, typical crystals were filtered off and washed with a few 
drops of cold methanol. After drying in vacuo over calcium 
chloride, the semicarbazone weighed 13.4 mg. and melted at 
65-66°. When mixed with a specimen of semicarbazone (m.p. 
66-67°) obtained from the natural vitamin, the melting point 
was 65-66°. 


CisHs9ONs. Calculated, N 12.91; found, N 12.71 


SUMMARY 


Vitamin K, was found to be a 2,3-disubstituted a-naphtho- 
quinone having an unsaturated side chain. By oxidation of the 
vitamin with chromic acid phthalic acid was formed, which demon- 
strated that the benzenoid ring of the vitamin carries no side 
chain. A second acid isolated from the oxidation products was 
identified as 2-methyl-1,4-naphthoquinone-3-acetic acid, which 
showed that the quinone nucleus has a methyl group at the 2 
position and that the side chain in the 3 position has an ethylenic 
linkage between the 2nd and 3rd carbon atoms from the quinone 
ring. These conclusions were confirmed by the products obtained 
by degradation of the diacetyl dihydro derivative of the vitamin. 
Oxidation with chromic acid formed the diacetyl dihydro deriv- 
ative of the quinone acid, and a ketone C;sHy»O. This ketone 
was also formed by ozonolysis of the diacetyl dihydro vita- 
min and was identified as 2,6,10-trimethylpentadecanone-14 which 
proved the arrangement of the remaining carbon atoms of the 
unsaturated side chain. 

The constitution of vitamin K, as 2-methyl-3-phytyl-1,4- 
naphthoquinone was confirmed by synthesis. Phytyl bromide 
was condensed with the monosodium salt of 2-methyl-1,4-naphtho- 
hydroquinone, the vitamin being isolated in the pure condition 
as the diacetyl dihydro derivative. The synthetic compound 
was degraded by the same procedure as that used for the natural 
vitamin derivative and shown to give the same degradation 
products. 
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St. Louis University. We are much indebted to Dr. C. N. Jordan 
for the loan of the ozonizer, for the apparatus used for the photo- 
bromination experiments, and for advice on the use of these two 
pieces of apparatus. Moreover, we wish to express our apprecia- 
tion to Parke, Davis and Company, Detroit, and especially to 
their Scientific Director, Dr. Oliver Kamm, for a continuance of 
their interest and support and to A. L. Rawlins for the preparation 
and purification of phytol. 


Addendum (October 26, 1939)—Since this manuscript was submitted for 
publication, three preliminary communications on the synthesis of vitamin 
K, have appeared in the same number (September) of the Journal of the 
American Chemical Society. In addition to our communication, Almquist 
and Klose (1939) and Fieser (1939) have reported the synthesis of vitamin 
K, by methods differing from those used by us. 
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STERODIS 


Il. THE ISOLATION OF A NEW ANDROSTANOL-3(8)-ONE AND OF 
ALLOPREGNANOL-3(8)-ONE-20 FROM THE URINE OF 
PREGNANT MARES 


By R. D. H. HEARD anp A. F. McKAY 


(From the Department of Biochemistry, Dalhousie University, Halifaz, and 
the Connaught Laboratories, University of Toronto, Toronto, Canada) 


(Received for publication, August 31, 1939) 


For some time past we have been engaged in an examination of 
the neutral extract of the urine of pregnant mares remaining after 
the removal of the phenolic estrogens. This rich material has 
already yielded a number of interesting and important steroids— 
pregnanetriol, first obtained by Haslewood et al. (1) and later by 
Marker et al. (2) and in these laboratories (3), several derivatives 
of pregnane, allopregnane, and urane, reported by Marker and 
collaborators (4, 5), and an unidentified ketone, isolated by one 
of us (3), concerning which more will be published shortly. The 
present communication gives a detailed account of the methods of 
fractionation of the urine, and the isolation and identification of 
a hitherto undescribed androstanol-3(8)-one and of allopregnanol- 
3(8)-one-20. 

Owing to the complex nature and great bulk of the neutral 
extract of equine pregnancy urine, as compared to that from 
human pregnancy urine, a more prolonged series of fractionations 
is necessary before material can be separated in crystalline state. 
The first stage consisted of partition between 70 per cent ethanol 
and petroleum ether; of the total neutrals, approximately one- 
quarter, chiefly hydrocarbons and waxes, went into the petroleum 
ether phase. From the 70 per cent ethanol-soluble fraction, the 
reactive ketones were removed with Girard’s (6) Reagent P; 
18 to 30 per cent was found to be ketonic, the proportion depend- 
ing, at least partly, on the form of hydrolytic treatment to which 
the original urine was subjected. Use of phthalic anhydride, as 
employed by Marker et al. (7), was then resorted to for the separa- 

371 








f 
i 
i 
| 


oe . nate Eo te yetlnons 





ee 





372 Androstanol-3(8)-One 


tion of those carbonyl compounds containing at least one reactive 
hydroxyl group and those not. The hydroxy ketonic portion, 
amounting to 45 per cent of the total ketonic, was obtained as an 
oil which was further fractionated by distillation in a high vacuum. 

Attention was first directed to the distillate collected from 
140-195° which was found to contain considerable amounts of 
digitonin-precipitable material. On decomposition of the in- 
soluble digitonides, 0.9 gm. of a light oil was obtained which could 
not be induced to erystallize. Treatment with benzoyl chloride 
and recrystallization of the product several times from ethanol 
gave 220 mg. of well defined crystals in reasonably pure state 
(m.p. 206-208°). Hydrolysis of the benzoate yielded the free 
hydroxy ketone which was recrystallized four times to a constant 
melting point of 187-187.5°. The substance formed an oxime, 
and proved saturated to tetranitromethane. The analytical 
values agreed closely with the theoretical for CjgHgoQ2. On 
oxidation with chromic anhydride in the cold, there was obtained 
a diketone, m.p. 157—158°, not identical with androstanedione-3,17 
(m.p. 130°). Reduction of the diketone by the Clemmensen 
method yielded the parent hydrocarbon, CisH32, m.p. 48.5-49.5°, 
which showed no depression in melting point on admixture with 
an authentic sample of androstane (m.p. 48.5-49.5°) from an- 
drostanedione-3,17. The identity of the new compound as an 
androstanolone was therefore considered to be proved. 

It is reasonably certain that the hydroxyl group of the new 
androstanolone occupies the favored 3 position in the cis-(8) 
relation to the angular methyl group on Cy. This is indicated 
by the formation of an insoluble digitonide, and by the behavior 
of the hydroxy ketone and its oxidation product with the Zim- 
merman (8) ketone reagent. The former gives no immediate 
coloration and only a feeble reddish brown after 30 minutes. 
The diketone, on the other hand, responds with an intense violet 
coloration within 10 seconds, the rate of color development being 
considerably more rapid than was observed with 17-ketosteroids 
tested simultaneously, and the same as that shown by 3-keto 
compounds. From this it follows that the original hydroxyl 
group is located at C; rather than C,;. As regards the position of 
the carbonyl group, the usually substituted C,; is ruled out by 
reason of the fact that the androstanedione obtained on oxidation 
is not the 3,17-diketone; likewise C,,, as oxime formation takes 
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place in 3 hours at 100°. The slow reaction in the Zimmerman 
test suggests the absence of the grouping —-CH,—CO—CH,— 
(see Callow et al. (9)); consequently Cy. is rendered unlikely. Of 
the remaining positions, 6, 7, or 12 is considered most probable. 
The question will be further examined when sufficient material 
is in hand. 

It is difficult to arrive at a reliable estimate of the quantity of 
androstanolone excreted. In the present work, neutral extracts 
from the Connaught Laboratories and from E. R. Squibb and Sons 
were processed; the different extracts were worked up separately 
to the removal of the ketonic fraction and then combined. The 
conjugated steroids in the urines from the Connaught Laboratories 
were hydrolyzed by the method previously described (10); 1000 
gallons of urine gave approximately 800 gm. of total neutrals. 
On the other hand, the neutral residue from E. R. Squibb and 
Sons, which came from urines hydrolyzed under altogether differ- 
ent conditions, weighed only 125 to 200 gm. per 1000 gallons. 
Computed on the basis of the first mentioned yield, roughly 1 mg. 
of androstanolone per 10 gallons of urine has been isolated to date, 
and, based on the second figure, 1 mg. per 50 gallons. Further, 
evidence now accumulating indicates that the fraction distilling 
above the 140-195° range contains greater amounts of andro- 
stanolone. 

The oil resulting from decomposition of the insoluble digitonides 
from the hydroxy ketonice fraction which distilled at a slightly 
higher temperature (170-210°) gave up crystals on standing in a 
small volume of cold ethanol. These were recrystallized to a 
constant melting point of 190-191° and identified as allopreg- 
nanol-3(8)-one-20 by a mixed melting point with an authentic 
specimen and by conversion to allopregnanedione-3,20. This 
widely occurring steroid has been isolated previously from this 
source by Marker et al. (5), from the corpus luteum by several 
investigators, and from the adrenal gland by Beall (11). 


EXPERIMENTAL 


Melting points were determined on a long stem thermometer 
with the aid of a low power, traveling microscope; the values 
recorded are uncorrected. 

Material and Separation of Neutral Fraction—The neutral 
extracts of equine pregnancy urine for the investigation were 
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obtained from the Connaught Laboratories and from E. R. Squibb 
and Sons. 

The material from the Connaught Laboratories was processed 
from the beginning. Pooled urines were hydrolyzed as previously 
described (10) by allowing the concentrates acidified to pH 0.4 to 
0.6 to stand at room temperature for 4 weeks. Through the 
latter fortnight of this period and beyond, ten extractions with 
toluene were made at intervals of 2 days. The combined and 
concentrated toluene extracts were then repeatedly shaken out 
with Nn sodium hydroxide solution to effect the removal of the 
phenols and acids, thoroughly washed with water, and taken to 
dryness in vacuo. The average yield of neutral residue was 800 
gm. per 1000 gallons of urine (5th through 9th months of gesta- 
tion); during late pregnancy the output of neutral substances 
increases, approximately 1200 gm. being obtained from urines 
collected 1 to 3 weeks before parturition. 

The material from Squibb was received after the removal of the 
phenolic estrogens. It was taken up in toluene (7 liters per kilo) 
and neutralized by washing six times each with n sodium hydroxide 
solution, N sulfuric acid, and water. The weight of the neutral 
residue obtained on evaporation of the toluene varied with different 
batches from 125 to 200 gm. per 1000 gallons of urine. The lower 
yield in this case is attributed to differences in the form of hydro- 
lytic treatment to which the original urine was subjected and in 
the methods used for the separation of the estrogens. 

Partition between 70 Per Cent Ethanol and Petroleum Ether— 
The tarry, neutral extract was distributed in a separatory funnel 
between 70 per cent ethanol and petroleum ether (b.p. 30-60°), 
3 liters of each solvent per 800 gm. of residue being used. The 
ethanolic phase was run off, and the petroleum ether washed three 
times with 2 liter portions of 70 per cent ethanol. The combined 
ethanolic solutions were then extracted back with petroleum ether 
(4 X 1.5 liters) and taken to dryness in vacuo (yields, 500 gm.). 
The petroleum ether extracts were united, and the solvent distilled 
(yields, 200 gm.). 

Removal of Ketonic Fraction—Portions of 150 gm. of the 70 per 
cent ethanol-soluble fraction from the above were taken up in 
625 ml. of absolute ethanol and refluxed for 1 hour with 75 gm. 
of Girard’s Reagent P and 90 ml. of glacial acetic acid. The 
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solution was then poured into 5 liters of an ice-water mixture 
containing sufficient standard sodium hydroxide solution to 
neutralize the acetic acid used. The pH was checked and ad- 
justed to 6.5 to 7.0 if necessary. The non-ketonic material was 
extracted with freshly redistilled ether (4 X 1.5 liters), the total 
ethereal solutions being washed with water (3 X 2 liters) and taken 
to dryness (yields, Connaught preparation 94 gm., Squibb 110 
gm.). The ketonic complexes remaining in the aqueous phase 
were hydrolyzed by the addition of strong hydrochloric acid to a 
concentration of 1 N. After 1 hour at room temperature, the 
liberated ketones were extracted with ether (4 X 1.5 liters), the 
ethereal solutions washed, and the solvent distilled (yields, Con- 
naught preparation 46 gm., Squibb 27 gm.). 

Separation of Hydroxy Ketonic Fraction—250 gm. of the total 
ketonic fraction in 1 liter of benzene were refluxed 2 hours with 
200 gm. of phthalic anhydride and 200 ml. of dry pyridine. On 
cooling, ether (1 liter) was added and the pyridine shaken out 
with N sulfuric acid (8 X 750 ml.). The half phthalates of the 
hydroxy ketones were then extracted with 10 per cent potassium 
carbonate solution (4 xX 1 liters). After acidification of the 
combined alkaline extracts, the free half phthalates were removed 
with ether (5 X 1 liters), and the solvent distilled. For saponifi- 
cation the semicrystalline residue was dissolved in 1.5 liters of 3.5 
N ethanolic (85 per cent) potassium hydroxide solution and re- 
fluxed 2} hours. Water (2 liters) was added, and most of the 
ethanol removed in vacuo. The free hydroxy ketones were then 
extracted with ether (4 X 1 liters), the total ethereal solutions 
being washed with water and taken to dryness (yield, 113 gm.). 

The benzene-ether solution containing the non-hydroxy ketonic 
fraction was washed with water (4 X 1 liters) and evaporated to 
dryness. The residue was treated again with Girard’s reagent, 
as described above, in order to separate the ketonic material from 
unused phthalic anhydride. The non-hydroxy ketones so ob- 
tained were used for other investigations (yield, 64 gm.). 

Isolation of the Benzoate of Androstanol-3(8)-One—108 gm. of 
the hydroxy ketonic oil were distilled in a high vacuum (approx- 
imately 0.01 mm.). Fractions were collected at the following 
oven temperatures, up to 115° (53 gm.), from 115-140° (7.1 gm.), 
and from 140-195° (6.1 gm.), a considerable residue remaining. 
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The oil distilling from 140-195° was dissolved in 50 ml. of 
ethanol and, after being warmed, a hot solution of 2 gm. of dig- 
itonin in 150 ml. of ethanol was added. After 24 hours in the 
cold, the bulky white precipitate was collected and well washed 
with ethanol. The filtrate was reduced to about 50 ml. and 
treated again with the same quantity of digitonin. This pro- 
cedure was continued until no further precipitation occurred; in 
all, 14 gm. of digitonin were required. The combined digitonides 
were taken up in 80 ml. of pyridine and heated on the bath for 
30 minutes. The solution was poured into 500 ml. of ether and 
the liberated digitonin filtered off. The ethereal filtrate was 
washed free of pyridine with 2 n hydrochloric acid, washed three 
times with water, and evaporated to dryness. An oil (0.9 gm.) 
was obtained which could not be induced to crystallize. 

The product was therefore dissolved in 5 ml. of pyridine and 
treated dropwise with 1.5 ml. of benzoyl chloride. After 10 
minutes on the bath and overnight at room temperature, the 
solution was diluted with 50 ml. of water and extracted with ether 
(3 X 50 ml.). Crystals separated at the interface; these were 
collected and washed with ether (m.p. 203-206°). The combined 
ethereal solutions were shaken out with 2 n hydrochloric acid 
until free of pyridine, washed with n sodium hydroxide and water, 
and taken to dryness. The oily residue partially crystallized on 
standing. Recrystallization from 95 per cent ethanol gave crys- 
tals which melted at 195-200°, and at 198-203° when mixed 
with those which separated during the extraction. Since the two 
products proved to be identical, they were combined and recrystal- 
lized again from ethanol and once from acetone (m.p. 206-208°; 
yield, 220 mg.). The benzoate formed in large needles, sparingly 
soluble in ether, methanol, and ethanol, moderately so in acetone. 


3.240 mg. gave 9.50 mg. CO, and 2.70 mg. H,O 


CisH2s0(OCOC,H;). Calculated. C 79.13, H 8.69 
Found. “79.96 “* 9.32 


Although the substance was not quite pure, saponification was 
proceeded with in order to conserve material. 

Androstanol-3(8)-One—214 mg. of the benzoate in 25 ml. of 
ethanolic potassium hydroxide solution (4 per cent) were refluxed 
for 1 hour. The solution was diluted with 10 volumes of water 
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and extracted three times with ether. The ethereal extracts, 
after being washed with water, were taken to dryness, and the 
residue recrystallized twice from a small volume of absolute ether, 
once from aqueous ethanol, and once from benzene-ligroin to a 
constant melt of 187-187.5°. 89 mg. of the final product were 
obtained in the form of feathery white needles. An additional 
30 mg. melting 1-2° lower were recovered from the mother 
liquors. 


3.667 mg. gave 10.52 mg. CO, and 3.37 mg. H,O 


4.159 “ce “es 11.96 “e “a “e 3.84 ae “ 
CysHsoO2. Calculated. C 78.56, H 10.42 
Found. ** 78.29, 78.48, ** 10.28, 10.33 


[a] } = —160° (1.24% in dioxane) 


10.7 mg. of androstanolone in 2 ml. of 80 per cent ethanol were 
heated 3 hours on the bath with 15 mg. of hydroxylamine hydro- 
chloride and 17 mg. of sodium acetate. The ethanol was driven 
off under nitrogen, and, after dilution with water, the product 
was filtered and washed. On recrystallization from aqueous 
ethanol, the oxime separated in sheaves of fine needles, m.p. 
194-195° with decomposition. 

Oxidation to the Diketone—To a chilled solution of 90 mg. of 
androstanolone in 3 ml. of 90 per cent acetic acid were added 
95 mg. of chromic anhydride in 5 ml. of the same solvent. After 
16 hours in the ice chest, the solution was heavily diluted with 
water and extracted several times with ether. The ether extracts 
were well washed with n potassium hydroxide solution and water, 
and evaporated to dryness. The residue was sublimed at 110-115° 
and the sublimate, very soluble in the usual organic solvents, 
recrystallized from ligroin. 67 mg. of stout white needles, m.p. 
157-158°, were obtained. 

Reduction (Clemmensen) of the Diketone to Androstane—To a 
solution of 55.1 mg. of the androstanedione in 10 ml. of concen- 
trated hydrochloric acid were added 3 gm. of freshly amalgamated 
zinc. The mixture was refluxed for 2 hours, after which time the 
amalgam had completely dissolved. During the last 14 hours of 
this period hydrogen chloride gas was continuously passed through 
the reaction mixture. After the mixture was cooled and diluted 
with water, the droplets of oil suspended in the solution were 
extracted three times with freshly distilled pentane. The pentane 
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extracts were well washed with N potassium hydroxide solution 
and water, and the solvent removed. The residue was distilled 
at 0.01 mm., a colorless oil being collected at 75-80°. This was 
taken up in a drop of acetone which went solid on chilling. Cold 
methanol was added and the crystals filtered. After two re- 
crystallizations from aqueous acetone, 10.7 mg. of leaflets melting 
at 48.5-49.5° were obtained. 


4.050 mg. gave 12.97 mg. CO, and 4.47 mg. H,O 
CisHx. Calculated, C 87.61, H 12.39; found, C 87.39, H 12.35 


There was no depression in melting point when the above 
hydrocarbon was mixed with androstane (m.p. 48.5-49.5°) pre- 
pared in the same way from 108 mg. of androstanedione-3,17 
(Ciba), generously provided by Dr. M. K. McPhail. 

It was noted that, with androstanedione-3,?, a higher yield of 
the hydrocarbon was obtained and that the reduction proceeded 
more smoothly than with androstanedione-3,17. In the latter 
case, a significant amount of a crystalline residue remained after 
distillation of the androstane. This sublimed at 80-100° and 
condensed in long needles which, without further purification, 
melted at 154-159°. Undoubtedly these crystals are identical 
with those (m.p. 156-161°, corrected) which Reichstein (12) 
obtained in the same reaction and identified as androstanol-17. 
With the 3,?-diketone no evidence of incomplete reduction was 
observed. 

Isolation and Identijication of Allopregnanol-3(8)-One-20—The 
fraction of another batch of hydroxy ketones distilling at 170-210° 
was treated with digitonin in the manner previously described. 
The oil obtained from the decomposition of the insoluble digito- 
nides deposited large crystals in well arranged rosettes on standing 
for several days in the ice chest in an equal volume of ethanol. 
Successive recrystallizations from carbon tetrachloride, benzene- 
ligroin, and aqueous ethanol gave small leaflets which melted at 
190-191°, both alone and on admixture with allopregnanol- 
3(8)-one-20 (m.p. 190°) from corpus luteum extract. We wish to 
thank Professor O. Wintersteiner for the authentic specimen. 

For further identification 18.9 mg. were oxidized in the cold with 
25 mg. of chromic anhydride in the usual manner. The product, 
twice recrystallized from aqueous acetone, melted at 197-198°; 
mixed with authentic allopregnanedione-3,20 (m.p. 194-196°), 
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kindly supplied by Dr. Desmond Beall, the melting point was 
196-197°. 


SUMMARY 


From the neutral fraction of equine pregnancy urine there has 
been isolated a new saturated hydroxy ketone, Ci9H3902, m.p. 
187-187.5°, [a]**— 160°, which is precipitated with digitonin and 
which forms an oxime, m.p. 194-195°, and a benzoate, m.p. 206-208°. 
Oxidation with chromic anhydride in the cold yields a diketone, 
m.p. 157-158°, not identical with androstanedione-3,17. The 
parent hydrocarbon was obtained by Clemmensen reduction of 
the diketone and identified as androstane. The compound is 
therefore an androstanol-3(8)-one. Evidence is adduced that 
the carbonyl group is most probably located at Cs, Cz, or Cy. 

The occurrence of allopregnanol-3(8)-one-20, previously re- 
ported by Marker et al. (5), has been confirmed. 


The authors wish to thank E. R. Squibb and Sons for urine 
extract, Professor G. F. Marrian and Dr. A. D. Odell for the gift 
of the isolated ketonic fraction of a large batch of this material, and 
Mr. M. Edson and Mr. J. C. Pottie for skilful technical assist- 
ance. We are grateful to the Banting Research Foundation for a 
personal grant to one of us (A. F. M.). 
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GROWTH FACTORS FOR BACTERIA 
IX. STUDIES OF A GROWTH FACTOR FOR CLOSTRIDIA* 


By D. W. WOOLLEY, L. E. McDANIEL, anp W. H. PETERSON 


(From the Departments of Biochemistry and Agricultural Bacteriology, 
College of Agriculture, University of Wisconsin, Madison) 


(Received for publication, July 17, 1939) 


The occurrence of an essential growth factor for certain Clos- 
tridia has recently been studied in this laboratory (1). Small 
amounts of an acidic concentrate derived from cereal grains 
promoted growth of these organisms in a synthetic medium con- 
taining glucose, asparagine, and inorganic salts. Without the 
concentrate, negligible growth occurred. Evidence was presented 
that the active substance was an acid, and was not replaceable 
by known compounds having growth-promoting activity for other 
microorganisms. 

In this paper, considerable purification of the active material 
will be described, and some chemical reactions and properties 
of the substance will be enumerated. 


EXPERIMENTAL 


Assay Technique—The method of assay with Clostridium 
butylicum, Strain 21 (1), is based on the determination of tur- 
bidity of the culture in an Evelyn photoelectric colorimeter. 
The technique was improved by use of a washed inoculum. In 
order to judge the activity of concentrates more accurately, a 
quantitative scale for measuring potency was developed. A 
series of dilutions of the concentrate under observation was tested 
on the basal medium, and the amount of growth, in terms of 
turbidity reading, was plotted against the weight of concentrate 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 
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added. By interpolation, the amount of concentrate which pro- 
duced half maximum turbidity was determined, and designated 
1 unit. Thus, the preparation in Table I contained 1 unit in 
0.008 microgram. 

Concentration of Active Substance—It was shown previously (1) 
that a commercial extract of cereal grains, known as vitab,' was 
the best source of the growth factor. The most effective means of 
concentration will be briefly summarized. Vitab was dissolved 
in an equal weight of water and extracted five times with butanol. 
The active material was then transferred to 1 per cent aqueous 
sodium hydroxide, and this solution was acidified, concentrated, 


TaBie | 
Response to Various Levels of Growth Factor 





Amount added Turbidity reading* 
microgram per cc. | per cent 

0 | 95 
0.001 S4 
0.005 63 
0.01 44 
0.05 | 34 
0.1 26 
0.5 15 

15 


1.0 





* Turbidity readings represent the per cent of incident light transmitted 
by the culture. 


and extracted five times with ethyl acetate. The extract was 
evaporated and taken up in dilute sodium hydroxide. This 
solution was treated with norit, and the active material was 
eluted with alkaline alcohol. This eluate contained 1 unit in 
0.05 microgram, whereas vitab contained 1 in 10 micrograms. 
Several procedures have been used to purify the factor further. 
Each resulted in poor yields of total activity in the most active 
fraction. Acetylation of the eluate and subsequent separation 
of the water-soluble, ether-insoluble fraction with chloroform and 


! This material is now sold as galen B. We wish to thank Mr. H. A. 
Smith of the Galen Company, Inc., Berkeley, for generous gifts of this 
material. 
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with acetone yielded a white solid which contained 1 unit in 0.008 
microgram. Fractional adsorption of the eluate with norit gave 
material of the same potency. Separation of the barium salts 
with water and with alcohol yielded a fraction, soluble in water 
and in 95 per cent alcohol but insoluble in absolute alcohol, which 
contained 1 unit in 0.01 microgram (as the barium salt). 

Esterification—It was very difficult to esterify the active ma- 
terial. Very little ester was obtained by refluxing with alcohol 
and hydrogen chloride, or by treatment with diazomethane. 
Alkali and a large excess of methyl iodide yielded an active methyl 
ester. No success was obtained with p-phenyl phenacyl bromide. 

Distillation—Crude concentrates were not inactivated by heat- 
ing to 140° for 2 hours. However, not much success has been met 
in attempts to distil either the free acid or its methyl ester, for 
with more highly purified preparations very considerable loss of 
activity resulted from molecular distillation. 

Miscellaneous Properties—A wealth of data on the properties 
of the active substance has been accumulated in many abortive 
attempts at purification. Owing to limitations of space only a 
few can be mentioned. The factor was not adsorbed on fullers’ 
earth from ether solution. Heavy metal sulfides removed it 
from aqueous solution, but no method to elute it successfully was 
found. Petroleum ether precipitated it, but the use of this solvent 
invariably resulted in destruction of much of the potency. At- 
tempts to precipitate brucine salts from chloroform or acetone 
were unsuccessful. All heavy metal salts that were prepared 
were soluble in water. Our best preparations contained 2.5 per 
cent nitrogen, and no phosphorus; but obviously it cannot be 
concluded that the factor is nitrogenous. 

The active material was readily destroyed when concentrates 
were treated with a variety of oxidizing agents (hydrogen perox- 
ide, nitric acid, potassium permanganate, ether peroxides). The 
activity was not lost by treatment with methyl iodide and sodium 
hydroxide, diazomethane, dimethyl sulfate and sodium hydrox- 
ide, or acetic anhydride and pyridine. In all but the first case 
the solubility behavior of the active substance was unchanged. 
These facts suggested the absence of hydroxyl or amino groups. 

Fermentation Products in Highly Purified Medium—Large fer- 
mentations were carried out in a highly purified medium in order 
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to determine whether volatile products were formed in the same 
yield and ratio as in the fermentation of glucose and yeast water. 
350 cc. portions of a 2 per cent glucose solution to which had been 
added asparagine, inorganic salts, and 2 micrograms per cc. of a 
concentrate (1 unit in 0.09 microgram) were fermented, and the 
products were analyzed in a manner similar to that used by Lang- 
lykke et al. (2). Calculated as per cent of glucose fermented, the 
yields were acetone 0.5, isopropyl alcohol 4.4, ethyl alcohol 2.2, 
butyl alcohol 18.5. These values closely approximate those ob- 
tained by Langlykke et al. (2). Hence it was concluded that a 
“normal” fermentation occurred in the purified medium. 


TaBLe II 
Response of Related Clostridia to Growth Factor 














Turbidity reading* 
Organis m eee 
On basal {OP Dasal + 
per cent per cent 
Clostridium beijerinckii (No. 858).................... 7606=C‘“‘ALK;S;SCéCS‘«AAK 
Bacillus butylicus (Fitz strain, Pasteur Institute)... 66 | 2 
Clostridium butylicum (No. E V13.8.1)............. 84 24 
Bacillus saccharobutyricus, von Klecki................ 81 25 
Clostridium butyricum, Prazmowski, No. 79......... 70 38 
=i pasteurianum, No. 5..................... 61 59 











* Turbidity readings represent the per cent of incident light transmitted 
by the culture. 


Continued Transfer in Purified Medium—It was possible to 
maintain vigorous growth in the basal medium supplemented 
with our highly purified concentrate through ten consecutive 
transfers. This fact indicated that some other essential growth 
factor was not being added in the inoculum in our regular assay 
procedure. 

Requirement by Other Clostridia—In order to determine whether 
Clostridium butylicum was the only species which required this 
growth factor, a number of other related Clostridia were tested 
on the synthetic basal medium and on the basal medium plus a 
highly active concentrate. It can be seen from Table II that 
several species were greatly stimulated by the addition of 5 
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micrograms per cc. of a preparation which contained | unit in 
0.025 microgram. 


SUMMARY 


Procedures for the concentration of an essential growth factor 
for Clostridium butylicum are described. The most active prepa- 
rations were detectable when 0.001 microgram per cc. was added 
to an otherwise synthetic medium. Addition of 0.1 to 0.5 micro- 
gram per cc. produced maximum response. 

The active substance is an acid of low volatility, difficult to es- 
terify. (However, a methyl ester was prepared and was biologi- 
cally active.) The activity of the factor was destroyed by 
oxidation, but was not affected by acetylation or methylation. 

Fermentation in the purified medium produced a normal yield 
of solvents (acetone, isopropyl alcohol, ethanol, and butanol). 

Several, but not all, species of Clostridia tested responded 
to additions of the growth factor. 
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THE DETERMINATION OF PEPTIDE BONDS IN 
CRYSTALLINE LACTOGLOBULIN 


By ROLLIN D. HOTCHKISS* 


(From the Chemical Department of the Carlsberg Laboratory, Copenhagen, 
Denmark) 


(Received for publication, August 23, 1939) 


Crystalline lactoglobulin from cow’s milk (1) contains very 
little carbohydrate and phosphorus (2)' and would appear to be 
a well defined protein material exceptionally suitable for certain 
types of study. The work to be reported here concerns the deter- 
mination of the number of amino and carboxyl groups liberated 
when a known weight of lactoglobulin is hydrolyzed by (a) a 
succession of enzymes and (b) boiling with mineral acid. 

The choice of enzymes was made and the conditions for both 
hydrolyses were arranged so that the hydrolysis of the protein 
into amino acids was judged to be complete in each case. Deter- 
mination, by titration, of the increase in the number of equivalents 
of carboxyl and amino plus imino groups therefore furnishes a 
direct experimental means of ascertaining the number of peptide 
bonds present in a given weight of protein. From this can be 
immediately calculated the average weight of protein containing | 
mole of peptide bond. The latter value will be an analytical 
constant that is characteristic of the particular protein, and will 
depend upon its composition. Thus, a protein containing a large 
proportion of the lighter amino acid residues would have a rela- 
tively low weight per peptide bond. A protein containing more 
of the heavier residues or considerable material of a non-amino 
acid nature would have a greater weight per peptide bond. 

Miller (3) has investigated the extent to which crystalline 
lactoglobulin is hydrolyzed by certain enzymes. Studies to 


* Now at the Hospital of The Rockefeller Institute for Medical Research, 
New York. 
' Also unpublished results of M. Sgrensen. 
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determine the maximum extent to which lactoglobulin can be 
hydrolyzed have not been reported. Some of the work with 
other proteins has been done with insufficiently characterized 
preparations, and most of it has not aimed at revealing the total 
number of peptide bonds hydrolyzed. For example, for deter- 
mination of amino groups, the Van Slyke nitrous acid method, 
which has been most commonly used in such studies, does not 
reveal the basic groups of proline and oxyproline and includes a 
portion of the ammonia. Abderhalden did not find the extent of 
hydrolysis of several proteins by sequences of enzymes to approach 
that by sulfuric acid (4). Calvery (5), working with crystalline 
egg albumin, and Miller and Calvery (3), using commercial 
lactalbumin (which includes the major proportion of the lacto- 
globulin fraction from milk), determined the amount of hydrolysis 
effected by various enzymes and sequences of enzymes, and when 
crude extracts containing mixtures of enzymes were used, the 
cleavage was greatest. The extent of hydrolysis by acid was 
always somewhat greater than that by enzymes. 

Bergmann and Niemann (6) and Bergmann (7) in their calcula- 
tions of the molecular weights of certain proteins multiplied the 
number of amino acid residues in the protein by the average 
residue weight. The number of residues was deduced from the 
amino acid composition of the protein, by application of the perio- 
dicity hypothesis. The average residue weight has been arrived 
at by deducting the molecular weight of water from the molecular 
weight, averaged with respect to amount, of the amino acids 
recovered from an acid hydrolysate. Since the theoretical re- 
covery, ranging from about 112 to 120 per cent of amino acid, has 
not as yet been obtained for any protein, it has been necessary to 
adjust the averages in favor of the amino acids of lower molecular 
weight, these being the ones which cannot at present be determined 
completely and with great accuracy. In addition, it is necessary 
to know the content of substances other than amino acids, such 
as carbohydrates, lipids, inorganic ions, heme compounds, or 
other prosthetic groups, before the calculated molecular weight is 
comparable with that obtained by the physical methods. It seems 
that a direct method of determining the weight per peptide bond 
such as the one proposed here, with less than 1 gm. of protein, 
might for some purposes be more convenient. It should be 
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pointed out that the average peptide weight, as determined here, 
will be equal to the average residue weight as determined by 
Bergmann only when amino acids are the sole constituents of 
the protein. 


Taste I 
Hydrolysis of Crystalline Lactoglobulin by Enzymes 
Increases are in cc. of 0.05 n acid or alkali per mg. of protein nitrogen. 





Increase in 
Ensyme extract Hydrolysis scanthendiiaemiasiee teen 
| —COOH —NH: 
hrs. | | 

I. Pancreas......... 150 0.933 0.918 
Intestinal mucosa : 230 0.162 0.204 
Total 1.09 1.12 
Il. Pancreas... 300 | 0.997 | 0.974 
Intestinal mucosa 210 | 6.102 | 0.089 

Total... . a4 | 1.10 | 1.06 

Average er SEY | 1.10 | 1.09 

Tasie II 


Hydrolysis of Crystalline Lactoglobulin by Boiling 6 » Hydrochloric Acid 
Increases are in cc. of 0.05 N acid or alkali per mg. of protein nitrogen. 











Observed increase Corrected increase 
Hydrolysis Ammonia (|_____ |~—-. et Sees Ts” 
—COOH —NH: —COOH | —NH: 
hrs. 
18 0.106 1.241 | 1.297 1.135 1.19 
4 | o.1o7 | 1.251 | 1.19 | 1.145 | 1,085 
24 | 0.112 | 1.220 | 1,208 1.115 1.09 
24 1.226 | 1.227 1.12 1.12 
300 | (0.118 1.281 | = 1.333 1.17 1.22 
Average for acid hydrolysis ................... 1.135 1.14 
P ** enzymatic hydrolysis ............. 1.10 1.09 











Tables I and II record the extent of hydrolysis by enzymes and 
by hydrochloric acid respectively. Since the acid brings about 
the hydrolysis of —-CO—NH, groups as well as peptide bonds, the 
titration values were corrected for an amount equivalent to the 
ammonia found in the acid hydrolysate. It will be noted that 
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the enzymatic cleavage, which was not corrected for ammonia, 
is about 97 per cent of the cleavage by acid. This agreement and 
the fact that acid hydrolysis for differing periods of time did not 
bring out systematic differences are taken as evidence that hydrol- 
ysis of the peptide bonds by acid was complete. The work of 
Van Slyke (8) indicated that at 100° (several degrees lower than 
the boiling point used here) 24 hours treatment with 6 N hydro- 
chloric acid was sufficient to hydrolyze completely a number of 
proteins. 

In regard to the accuracy of the determinations, it does not 
appear advisable to offer exaggerated claims on the basis of these 
early experiments. However, it is felt that with no essential 
changes the method should be dependable to well within 3 per 
cent for experiments upon quantities of 0.5 gm. of protein. When 
it is remembered that the values given here are derived from 
seven separate hydrolyses of different portions of lactoglobulin, 
the agreement among them may be considered reasonably satis- 
factory. That the agreement among the several values for the 
amino groups is less satisfying than that for the carboxyl 
groups, may, it is believed, be fairly attributed to the use of 
dilute sodium sulfate solution as a solvent in the preparation of 
the lactoglobulin solutions. It was discovered after the work was 
completed that sulfates are titrated as monoacid bases by hydro- 
chloric acid in 90 per cent acetone, and sodium sulfate would 
have given slightly inaccurate blank values in the acetone titration 
of amino groups, if precipitated to a different extent at different 
times. 

Deamination of amino acids may occur to some extent when a 
protein is hydrolyzed by strong acid, and is a possible source of 
error. Basic equivalents, originally coming from amino acids, 
would appear as ammonia and be deducted in the calculation of 
the number of peptide bonds. As a result, the number of peptide 
bonds found would be lower than the true number. In the case 
of lactoglobulin, Table II shows that the amount of ammonia 
liberated between 18 and 30 hours of hydrolysis was for the present 
purposes negligible, being equivalent to about 0.6 per cent of 
the quantity of peptide bonds. The fact that the amount of 
humin produced was very slight also indicates that the destruction 
of such sensitive amino acids as tryptophane did not occur to any 
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very great extent. In cases in which deamination or humin for- 
mation is more appreciable, it might be necessary to apply cor- 
rections in order to minimize the error. 

The average cleavage value for acid hydrolysis, 1.135 cc. of 
0.05 n acid or base per mg. of protein nitrogen, corresponds to 
115.5 gm. of protein (containing 15.26 per cent nitrogen (9)) per 
peptide bond. If lactoglobulin is made up entirely of amino 
acids, the average peptide weight 115.5 is equal to the average 
amino acid residue weight, and is seen to be quite comparable to 
the residue weights 115.5, 124, and 120 calculated by Bergmann 
and Niemann (6) for the amino acid portions of cattle globin, egg 
albumin, and cattle fibrin, respectively. 

If the molecular weight of lactoglobulin were known, it would 
be possible to calculate the number of amino acid residues by use 
of the above data. For example, the quoted molecular weight 
of 39,000 for crystalline lactoglobulin derived from ultracentrif- 
ugal data by Pedersen (9)? corresponds to 338 amino acid residues 
of average weight 115.5. It will be remembered that any error 
due to deamination of amino acids or incomplete hydrolysis would 
cause the calculated number of residues to be too low. To caleu- 
late from another point of view, let us consider a molecule con- 
taining 288 amino acid residues, a number believed by Bergmann 
to constitute a unit very common in proteins, and also postulated 
by Wrinch (10) as making up a highly specific “closed cyclol”’ 
structure. The total molecular weight, including hypothetical 
combined material not amino acid in character, would be 288 
times 115.5 or 33,300. This is about 15 per cent less than the 
molecular weight reported by Pedersen. No explanation for this 
incompatibility will be attempted here. It should be pointed out 
that in the Wrinch theory the number 288 occupies a unique 
position, whereas the Bergmann periodicity hypothesis in its 


?The molecular weight determined by the equilibrium method is 
37,900; by sedimentation velocity, 41,800; quoted value, 39,000. 

* This type of calculation is strictly correct only if the number of pep- 
tide bonds is equal to the number of amino acid residues; in other words, 
if the amino acid molecules are all present in peptide cycles. If the NV 
amino acid residues of a molecule are combined in n open peptide chains, 
for example, the molecular weight would be obtained by multiplying (N 
— n) by the peptide weight. It is assumed that such corrections are of 
negligible consequence so long as N is a large number. 








{ 
qi 
! 
if 

q 





392 Peptide Bonds in Lactoglobulin 


most general form would allow of other multiples of 2 and 3. 
The multiples of 2 and 3 having this order of magnitude would 
be 288, 324, and 384. 


EXPERIMENTAL 


Materials—Moist crystals of five times recrystallized lacto- 
globulin from cow’s milk (1), dialyzed until free of salt, were 
dissolved completely in approximately 0.09 m sodium sulfate 
solution. Appropriate dilutions of several stock solutions of the 
protein were used in the various experiments. The enzyme solu- 
tions were filtered 60 per cent glycerol extracts of swine pancreas 
and intestinal mucosa. These crude preparations were chosen, 
since they should represent a great variety of substrate specificities. 
Both extracts were incubated at 40° until self-digestion at neutral 
reaction became very slow (about 3 hours), and preserved in the 
cold room. Of the pancreatic enzyme | cc. in acting upon 215 
mg. of casein in 5 cc. of N ammonium chloride buffer at pH 9.2 for 
30 minutes at 40° liberated 2.1 mg. of amino nitrogen. 1 cc. of 
intestinal mucosa enzyme solution added to 2 cc. of 0.1 m dl- 
alanylglycine at pH 7.4 caused the cleavage of 22 per cent of the 
dipeptide in 45 minutes at 40°. 


Methods 


Nitrogen was determined by the micro-Kjeldahl method with 
a selenium oxychloride catalyst. Ammonia was determined by 
in vacuo distillation with calcium hydroxide (11). Chloride was 
determined by Volhard titration with 0.02 nN silver nitrate and 
potassium thiocyanate. Increases in amino and imino groups 
were determined in 90 per cent acetone solution by titration 
with 90 per cent alcoholic 0.05 N hydrochloric acid, naphthyl 
red being used as indicator (12). The increases in carboxyl 
groups were determined in 90 per cent alcoholic solution by titra- 
tion with 90 per cent alcoholic potassium hydroxide, with thy- 
molphthalein as the indicator (13). Freshly prepared absolute 
color standards were used for comparison in all amino and car- 
boxyl group titrations. Any precipitate that was produced by 
the addition of the organic solvent was allowed to settle out after 
each addition of titrating liquid, before observation of the color. 

Enzymatic Hydrolysis—Two similar series of digestions were 
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carried out, starting with 740 and 880 mg. of native crystalline 
lactoglobulin. In each case a control digest, containing the en- 
zymes at the same pH but no lactoglobulin, was carried through 
exactly the same procedure and the cleavage, totaling in one case 
10 and in the other 20 per cent of that in the main experiment, was 
deducted from the latter. Ammonia was not determined in the 
respective enzymatic digests; therefore the amount of hydrolysis 
could not be corrected for possible amidase action. Extraneous 
buffers were not added, because their exclusion allowed smaller 
titration values and proportionately greater increases, and because 
it was found that the pH was not critically altered by the hy- 
drolysis. 

In each experiment 30 cc. of protein solution, already adjusted 
to about pH 8.5, were mixed with 7.5 cc. of pancreatic enzyme. 
Samples of 2 cc. were immediately removed for the initial titra- 
tions. Toluene was added and the mixture incubated in closed 
vessels at 40°. The amino and carboxy] titrations were repeated 
at suitable times, and when hydrolysis became very slow, a second 
portion of enzyme was added to an aliquot of the digest. When 
the slight digestion occasioned by this addition had become slow, 
the digest was heated in a closed vessel at 100° for 10 minutes. 
The unheated digest was active in the hydrolysis of casein; after 
heating, it was inactive. A 10 ec. aliquot of the nearly clear, 
heated digest was mixed with 10 cc. of intestinal mucosa enzyme 
and the hydrolysis followed as before. A second addition of 
this enzyme always failed to give any more splitting, although a 
test showed the remaining mixture was able actively to hydrolyze 
alanylglycine. Table I shows the results of the enzymatic experi- 
ments. 

Acid Hydrolysis—The quantities of protein varied from 490 
to 580 mg.; the time of hydrolysis from 18 to 30 hours. A typical 
experiment was performed as follows: 580 mg. of lactoglobulin 
were boiled under a reflux condenser in 15 ec. of 6 N hydrochloric 
acid for 24 hours. The hydrolysate, made up accurately to 50 cc., 
had a pale brownish color, but contained no filtrable humin. 
Aliquots were removed for determination of nitrogen and am- 
monia, and a 40 cc. portion was concentrated in vacuo three times 
to remove most of the hydrochloric acid. The residue, made up 
quantitatively to 10 cc., was analyzed for chloride and nitrogen. 
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Carboxyl and amino groups were titrated in 2 cc. samples and the 
values corrected for retained hydrochloric acid, as shown by the 
chloride determinations. Calculation on the basis of nitrogen 
and correction for the ammonia and for the titration values of 
unhydrolyzed lactoglobulin gave the figures shown in Table II. 

The values for ammonis amount to a determination of amide 
nitrogen. Since they show a slight increase, probably due to 
decomposition of amino acids, as the hydrolysis is prolonged, the 
value for 18 hours appears to be preferable. The amount cor- 
responding to 0.106 cc. of 0.05 N acid is 0.074 mg. of amide nitro- 
gen per mg. of lactoglobulin nitrogen, or 7.4 per cent of the total 
nitrogen. 








Taste III 
Hydrolysis of 2 Gm. of Crystalline Lactoglobulin by Boiling 6 N 
Hydrochloric Acid 
Ce. of 0.05 wn acid or alkali per mg. of protein nitrogen. 
Acid groups Basic groups Mean 
Groups in original protein......... 0.137 0.148 
“« _ “ hydrolyzed protein. .....| 1.387 1.421 | 
Increase not corrected for am- | 
monia (—NH; and —COOH | 
es 0 Nak oe Jats INS 0 0 | 1.250 | 1.273 262 
Ra iii eid its it erica oie dem 6 | | 0.114 
1.1 


Peptide bonds..................... 
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with which they followed the work. In addition, it is a pleasure 
to thank Professor M. Sreenivasaya of the Indian Institute of 
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Addendum—Professor K. Linderstrgm-Lang has informed the author 
that together with Civilingenigr C. F. Jacobsen he has repeated some of the 
experiments described above with larger quantities of material: He has 
very kindly suggested that the following data for which we are indebted to 
him be included here. 

Approximately 2 gm. of twice recrystallized isoelectric lactoglobulin 
(free of salt) were hydrolyzed with 450 cc. of 6 N hydrochloric acid for 
24 hours at the boiling point. Total nitrogen, acid and basic groups, 
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ammonia, and chloride were estimated in 10 cc. samples of the hydrolysate 
after removal of most of the HCl by evaporation on the water bath and 
dilution to 300 cc. The methods of sampling and of estimation were ex- 
actly as described by Linderstr@m-Lang (11). 

For the determinations upon unhydrolyzed protein, about 1 gm. of 
isoelectric lactoglobulin was dissolved in 25 ec. of 0.1 m NaCl and the 
total N, and acid and basic groups estimated in 2 cc. (total N) and 5 ce. 
samples. The results were as shown in Table III. They correspond satis- 
factorily with the means given in Table II and lead to the figure 341 for 
the number of peptide bonds in a lactoglobulin molecule (mol. wt. 39,000). 
This figure is probably reproducible within +3 bonds. The average pep- 
tide weight is 114.2. It is observed that no error due to the presence of 
sodium sulfate is introduced in this case and in addition the use of larger 
samples makes the estimations more accurate. 


SUMMARY 


The number of peptide bonds in crystalline lactoglobulin has 
been estimated by determining the increase of amino and carboxy] 
groups when the protein is completely hydrolyzed by (a) a suc- 
cession of enzymes and (b) boiling with mineral acid. The average 
equivalent of peptide bond corresponds to 115.5 gm. of protein. 
This analytical constant indicates that a molecular unit of 288 
amino acid residues is incompatible with the figure 39,000 re- 
ported for the molecular weight of lactoglobulin. 
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LETTERS TO THE EDITORS 





THE ACTIVATING EFFECT OF GLYCOGEN ON THE 
ENZYMATIC SYNTHESIS OF GLYCOGEN FROM 
GLUCOSE-1-PHOSPHATE 


Sirs: 

The enzyme (glycogen)-phosphorylase which catalyzes the 
reaction, glycogen + H;PO, = glucose-l-phosphorie acid, has 
been found in mammalian tissues and in yeast. When glucose-1- 
phosphoric acid is used as substrate and the activity is to the left, 
a striking difference is noted between enzyme preparations from 
liver on the one hand and from skeletal, heart muscle, and brain 
on the other hand. In the case of liver phosphorylase activity 
starts immediately upon addition of glucose-l-phosphate and 
coenzyme (adenylic acid), while a lag period is observed with the 
enzymes prepared from the other tissues.' During the lag period 
the reaction proceeds at a barely measurable rate until quite 
suddenly a burst of activity sets in, suggesting an autocatalytic 
reaction. The lag period which is short (5 to 45 minutes) in 
comparatively crude enzyme preparations is greatly prolonged 
with further purification of the enzyme. In some muscle enzyme 
preparations a lag of 24 hours was observed and others seemed 
to have lost activity altogether. When these enzymes were 
tested with glycogen and inorganic phosphate as substrates, so 
that the reaction proceeded to the right, no lag was observed. 

It was noted that liver phosphorylase preparations always 
included some glycogen (10 to 50 mg. per cent), while no or only 
doubtful traces of glycogen were found in the enzyme preparations 
from other tissues. It has been possible to abolish the lag period 
and to reactivate seemingly inactive enzymes by adding small 

1 Cori, G. T., Cori, C. F., and Schmidt, G., J. Biol. Chem., 129, 629 
(1939). 
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amounts of glycogen; a concentration of 0.5 to 10 mg. per cent 
of glycogen, depending on the enzyme used, was sufficient to 
start enzyme activity. One may conclude that this enzyme which 
synthesizes a high molecular compound, glycogen, requires the 
presence of a minute amount of this compound in order to start 
activity. 











= Per cent of glucose-1-phosphate converted to glycogen 
in. ea Ra eee: 6h 
A B 
3 38.2 
8 1.5 60.8 
15 2.2 76.6 
25 79.2 
40 2.9 79.2 





A representative experiment is shown in the accompanying 
tabulation. The enzyme was prepared from an aqueous extract 
of muscle by adsorption with aluminum hydroxide, elution with 
sodium glycerophosphate, concentration of the elution, and 
repeated precipitation with 0.3 saturated ammonium sulfate. 
The reaction mixture contained 0.014 m of glucose-l-phosphate 
and 0.001 m of adenylic acid adjusted to pH 6.9. In A no glycogen 
was added; in B glycogen was added to give a concentration of 
10 mg. per cent. 
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VITAMIN K ACTIVITY IN THE BENZOQUINONE SERIES 


Sirs: 


Aside from an as yet unconfirmed report by Kuhn et al.' that 
a-tocopherylquinone shows antihemorrhagic activity when tested 
with chicks in a daily dose of 10 mg. for 3 days, vitamin K-active 
compounds have been described so far only in the 1 ,4-naphtho- 
quinone series. We assayed benzoquinone, toluquinone, tri- 
methylquinone, and duroquinone, but found no potency at the 
1 mg. level. However, phlorone, the 2,5-dimethylbenzoquinone, 
has vitamin K activity. 























Tass I 
Blood clotting time, min. 
Substance administered wae 
treat- 6 hrs. after treatment 
ment 
(34) | (19) (7); ©) (3) (0) 
Phlorone, 1 mg. >90 | <2 | <6 | <10 | <15/ >30 
(51) | (22) | (21); (6) (2); ©) 
2-Methyl-1 ,4-naphthoquinone, }y| >90 | <2 | <6 | <10 | <15 | >30 


Figures in parentheses represent the number of chicks. 


The data presented in Table I show conclusively that phlorone 
has a potency of 1 unit? in about 1 mg. Although it is approxi- 
mately 2000 times less active than 2-methyl-1 ,4-naphthoquinone, 
the most active vitamin K substance found to date,’ the speed of 
action and period of efficacy are practically identical for the two 
compounds, unit for unit, as shown in Table II. 


' Kuhn, R., Wallenfels, K., Weygand, F., Moll, T., and Hepding, L., 
Naturwissenschaften, 27, 518 (1939). 

? Ansbacher, 8., J. Nutrition, 17, 303 (1939). 

* Ansbacher, S., and Fernholz, E., J. Am. Chem. Soc., 61, 1924 (1939). 
Thayer, 8. A., Binkley, 8. B., MacCorquodale, D. W., Doisy, E. A., Em- 
mett, A. D., Brown, R. A., and Bird, O. D., J. Am. Chem. Soc., 61, 2563 
(1939). Tishler, M., and Sampson, W. L., J. Am. Chem. Soc , 61, 2563 
(1939). Almquist, H. J., and Klose, A. A., J. Biol. Chem., 180, 787 (1939). 





